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SUMMARY 
 
Smallholder agroforestry (tree farming) systems are prominent components 
of ‘trees outside the forest’. They are primarily ‘planted’ systems that reha-
bilitate or reforest marginal lands, both private and public, where crop pro-
duction is no longer biophysically or economically viable. While smallhold-
er agroforestry systems vary greatly, most are tree-rich, species-rich systems 
that produce agricultural and tree products for both home use and market 
sale. The market orientation of smallholder systems has strengthened greatly 
over the last 10 to 20 years. Local, national and international markets are all 
supplied by smallholder agroforestry systems. Smallholder systems produce 
90% of the global production of cacao, three-quarters of rubber, two-thirds 
of coffee, approximately 40% of oil palm and 25% of tea. Smallholder sys-
tems also provide valuable environmental services, including soil fertility 
replenishment, watershed protection, carbon sequestration, biodiversity con-
servation and land rehabilitation.  
The hypothesis of this thesis is that smallholder tree-farming systems are 
viable agricultural and natural resources management systems that contribute 
significantly to global environmental goals and local economic objectives. 
The thesis supports the hypothesis by reviewing global and Asian trends of 
deforestation, human population growth, and demand for forest and tree 
products. The potential of smallholder tree-based systems to expand regional 
forest resources, produce forest products and services, and contribute to local 
livelihoods for rural communities is reviewed. Strategies to transform tradi-
tional smallholder systems into market-oriented systems to better serve envi-
ronmental and economic goals are also assessed. 
The five papers included in the thesis specifically address the capacity of 
smallholder systems to store carbon; the appropriateness of smallholder sys-
tems for carbon projects; the types of technical assistance and enabling con-
ditions that facilitate the successful development of smallholder systems; 
how genetic diversity of smallholder systems supports adaptation to climate 
change; and the capacity of smallholder systems to simultaneously produce 
marketable timber and agricultural crops.  
Most of the research presented in this thesis was conducted in Indonesia 
and the Philippines. However, the results and conclusions are applicable to 
the wide range of biophysical and socioeconomic conditions under which 
smallholder agroforestry systems are found in Southeast Asia and throughout 
the tropics. The discussion and assertions of the thesis are supported with 
relevant literature, including the candidate’s past and ongoing research. The 
thesis concludes with recommendations for future work required to strength-
en the recognition of smallholder tree-based systems as important contribu-
tors to global environmental goals and local economic objectives.  
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DANISH SUMMARY  
  
Småskala agroforestry1-systemer udgør en stor del af ”træer udenfor skove-
ne”. De er hovedsagelig plantede systemer, som genopretter eller genskaber 
skove på både private og offentlige marginale jordområder, hvor produktion 
af andre afgrøder ikke længere er biologisk eller økonomisk mulig. Selvom 
der er en stor variation i småskala agroforestry-systemer, er de fleste karak-
teriseret ved at have mange træer og arter og ved at producere landbrugs- og 
træprodukter til både eget forbrug og til salg. De sidste 10-20 år er systemer-
ne i stigende grad blevet markedsorienterede. Lokale, nationale og internati-
onale markeder bliver alle forsynet med produkter fra småskala agroforestry- 
systemer. Disse systemer producerer 90% af den globale produktion af ka-
kao, 75% af gummiproduktionen, to tredjedele af kaffen, ca. 40% af palme-
olien og 25% af teen. Småskala agroforestry systemer giver også vigtige mil-
jøfordele, inklusive genoprettelse af jordens frugtbarhed, beskyttelse af 
vandressourcerne, lagring af CO2, beskyttelse af biodiversiteten og genopret-
telse af landskaber.  
Denne afhandlings hypotese er, at småbønders agroforestry-systemer er 
levedygtige landbrugs- og naturforvaltningssystemer, som bidrager væsent-
ligt til globale miljømæssige og lokale økonomiske mål. Afhandlingen un-
derstøtter hypotesen gennem en analyse af globale og asiatiske tendenser for 
afskovning, befolkningsudvikling og behovet for skov- og træprodukter. Po-
tentialet for småskala agroforestry-systemer til at udvide de regionale skov-
ressourcer, producere skovprodukter og andre goder samt bidrage til den lo-
kale velfærd på landet bliver diskuteret. Strategier for at transformere traditi-
onelle småskala-systemer til markedsorienterede systemer bliver også berørt.  
De fem artikler inkluderet i afhandlingen fremhæver småskala agrofore-
stry-systemers kapacitet til at binde kulstof, deres egnethed til carbon-
projekter, hvilke typer af teknisk bistand og hvilke betingelser der fremmer 
en vellykket udvikling af småskala projekter, hvordan genetisk mangfoldig-
hed i agroforestry-systemer understøtter tilpasning til klimaændringer, og 
systemernes kapacitet til på samme tid at producere salgbart tømmer og an-
dre landbrugsafgrøder.  
Det meste af forskningen præsenteret i denne afhandling er udført i Indo-
nesien og på Filippinerne. Resultaterne og konklusionerne kan imidlertid an-
vendes indenfor det brede spektrum af naturgeografiske og socioøkonomiske 
betingelser hvori småskala agroforestry-systemer findes, både i Sydøstasien 
og i resten af troperne. Diskussionen og vurderingerne i afhandlingen under-
                                                 
1)     Det er vanskeligt at finde en dækkende oversættelse af ”smallholder agroforestry”, og på dansk an-
vendes den engelske vending ofte. Her benyttes ”småskala agroforestry”, selv om en mere direkte 
oversættelse ville være ”småbonde- agerskovbrug”.  
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støttes af relevant litteratur, inkluderende forfatterens tidligere og nuværende 
forskning. Afhandlingens konklusion indeholder anbefalinger til fremtidigt 
arbejde for at styrke anerkendelsen af småskala træ-baserede systemer som 
vigtige bidragsydere til opfyldelse af globale miljømæssige og lokale øko-
nomiske mål. 
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systems to these issues. Paper IV evaluates the suitability of Gmelina arbor-
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enhance productivity and profitability. Gmelina arborea was chosen for 
studies IV and V because it is a fast-growing timber species, widely grown 
by farmers and industry in South and Southeast Asia (Roshetko 2001a).  
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1. INTRODUCTION 
 
The global human population reached 7 billion on or about 31 October 2011, 
only 12 years after reaching 6 billion, and doubling since 1968. With an an-
nual growth rate of 75 million, the population is projected to be 9 billion by 
2046 (Worldometers 2011). Human population growth, and a corresponding 
increase in wealth, exerts pressure to convert forests to agricultural, industri-
al, and residential uses. It also increases the demand for food, fuel, wood fi-
bre and other tree products, further intensifying the production pressure on 
the surviving forest systems. Simultaneously, these forest systems are ex-
pected to provide a diverse array of environmental services. Additionally, 
the United Nations Millennium Development Goals call for considerable per 
capita growth for the eradication of extreme poverty and hungry, while en-
suring environmental sustainability (United Nations 2012). For the last twen-
ty-five years, an expressed global challenge has been to sustain the provision 
of forest products and services in ways that “meet the needs of the present 
without compromising the ability of future generations to meet their own 
needs” (WCED 1987). Sustainability in this sense does not mean keeping 
things the same, but rather requires the constant development of new ideas 
and options to meet current needs and future challenges (van Noordwijk et 
al. 2008). Agroforestry systems that farmers develop with limited resources 
(land, capital and other inputs) to meet their families’ livelihoods’ needs are 
a major opportunity to advance the sustainable production of forest products 
and services. 
Agroforestry is a dynamic, ecologically based, natural resources man-
agement system that, through the integration of trees on farms and in the ag-
ricultural landscape, diversifies and sustains production for increased social, 
economic and environmental benefits for land users at all levels (Mead 
2004). Valuable environmental services provided by agroforestry include 
soil fertility replenishment, water catchment protection, carbon sequestra-
tion, biodiversity conservation and land rehabilitation (Garrity 2004, Idol et 
al. 2011). Agroforestry systems can be defined as landuse systems in which 
woody perennials are deliberately integrated with agricultural crops, animals 
or both, in some form of spatial arrangement or temporal sequence (Huxley 
and van Houten 1997). These systems are increasingly recognized as im-
portant options for smallholder livelihoods, with neutral-to-positive envi-
ronmental impacts (Leakey 2010). Recent research shows that species-
diverse agroforestry systems enable farmers to adapt better to climate 
change; the fruit, nut and berry trees in the systems are more tolerant than 
annual crops and expand food production and increase food security (Ngu-
yen et al 2012). The last twenty years have witnessed an intensification and 
expansion of research relevant to smallholder agroforestry systems (Leakey 
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et al. 2012). Zomer et al. (2009) estimated that over 1.2 billion people across 
the world practise some form of agroforestry, with approximately 
560 million living in farm agroforestry landscapes, that is, those with more 
than 10% tree cover. Farmers are the dominate land managers in the devel-
oping world, producing food, tree products and environmental services from 
small landholdings (Tscharntke et al. 2012, Jackson et al. 2010). 
‘Agroforestation’ refers to the establishment of smallholder agroforestry 
systems and implies land rehabilitation through the establishment of tree-
farming systems and intensification of land management (II). Farmers de-
velop and manage such systems by nurturing trees on their farms, pasture 
lands and homesteads. These tree-farming systems are efficient agricultural 
and natural resources production systems. A prominent component of ‘trees 
outside the forest’, smallholder tree-farming systems are primarily ‘planted’ 
systems that rehabilitate or reforest marginal farmlands where agricultural 
crop production is no longer biophysically or economically viable. These 
systems can also be used to reclaim degraded public lands that have been 
abandoned. Smallholder tree-farming systems include forest-like systems 
where selected species are integrated in natural and secondary forests. In 
these systems, farmers cultivate trees to diversify production; generate 
commodities for home consumption; enhance income through market sales; 
and reduce risk. Smallholder systems tend to contain multiple species, pro-
duce multiple products and are found in both rural and peri-urban areas 
(Roshetko et al. 2008a). In some locations, these systems are a major eco-
nomic source of forest and tree products. In Kerala, India, smallholder sys-
tems provided 83% of the State’s wood production and up to 90% of its 
fuelwood production (FAO 1998). Sri Lankan smallholder systems produced 
73% of the nation’s timber and 80% of its fuelwood (Gunasena 1999). Prod-
ucts produced in smallholder systems in Indonesia included rattan, forest 
honey, sandalwood, gaharu, damar, benzoin, cinnamon, cloves, nutmeg, 
candlenut, rubber, cacao, coffee, oil palm and tea (Dove 2004, de Foresta et 
al. 2003, Garcia Fernandez 2004, Rohadi et al. 2003, Sunderlin et al. 2000; 
DGEC 2012). The importance of smallholder systems will only increase as 
the global forest resource continues to shrink and human populations ex-
pand. Yet, smallholder systems are excluded from formal definitions; are 
lost in statistics; and are often overlooked in the legal and institutional 
frameworks of agriculture and natural resources (van Noordwijk et al. 2008). 
Additionally, smallholder systems could be more productive and profitable if 
the common barriers that limited their development were addressed in a sys-
tematic way. 
This introduction emphasizes the contribution of smallholder tree-
farming systems to environmental sustainability and local livelihoods. It first 
reviews trends globally and in Asia of regional deforestation, human popula-
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tion growth, and demand for forest and tree products, with an emphasis on 
South and Southeast Asia. Following that review, common tree-farming sys-
tems are described and their potential to produce forest and tree products and 
services discussed. Emphasis is placed on the potential of smallholder tree-
based systems to expand regional forest resources and produce forest prod-
ucts and services as well as representing a major contribution to local liveli-
hoods for rural communities. The enabling conditions, institutional support 
and policy support that facilitate the establishment of successful smallholder 
systems are reviewed. Strategies to transform traditional smallholder systems 
towards market-oriented systems that better serve environmental and eco-
nomic goals are also discussed. 
1.1 Forest loss, environmental degradation and a loss of forest services 
 
The rate of global forest loss over the last 20 years is alarming. For the peri-
od 1990–2000, global annual deforestation rate was 16 million hectare; for 
2000–2010, it was 13 million hectare. This alarming rate, likely under-
reports the damage sustained by the global forest resource as forest degrada-
tion is not included. Forest cover has been reduced to slightly more than 4 
billion hectare or 30% of the global land area. The two countries with largest 
loss of forest area over the 20 years were Brazil and Indonesia, which re-
spectively lost 2.8 million and 1.2 million hectare/year, representing 0.5% 
and 1.1% annual loss of their forest area (FAO 2010). These changes primar-
ily represent the loss of tropical forests to other land uses: conversions from 
diverse tropical ecosystems to annual agricultural systems, monoculture tree 
plantations, and cleared (but unutilized) landscapes. Fortunately, the rate of 
forest loss in both countries and across the globe has declined, a welcomed 
trend, but the rate is still far from sustainable. The rate of deforestation is 
somewhat offset by planting and the natural expansion (regeneration) of for-
ests. Total net change in global forest area for 1990–2000 was a decline of 
8.3 million hectare/year and for 2000–2010 was a decline of 5.2 million hec-
tare/year, the difference with the deforestation figures given above being 
found in areas planted or naturally regenerated (FAO 2011). Efforts to plant 
forests and trees have gained momentum, with planted forests now repre-
senting 7% of total global resources. In the last 10 years, the total global area 
of planted forests increased by 5 million hectare (FAO 2010). 
In Asia, the deforestation–afforestation trend has been mixed. Based on 
FAO data for the 1990–2000 period, the Asia-Pacific region lost forest cover 
at a rate of 700,000 hectare/year. However, in the last 10 years the trend has 
been reversed, with regional forest cover increasing by 1.4 million hec-
tare/year (FAO 2011, FAO 2010). The reversal in regional deforestation was 
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largely due to successful tree planting programs in China, India, Vietnam 
and Thailand. In the last 20 years, China has planted an amazing 35.2 mil-
lion hectare of forests, India 4.5 million, Vietnam 2.5 million and Thailand 
1.3 million. Sub-regional and national performance has varied significantly. 
East Asia and South Asia both show gains in forest cover during the last 10 
years, while Southeast Asia and the Pacific continue to lose forest cover 
(Table 1). Countries which have experienced significant forest loss since 
1990 are Indonesia (2.2 million hectare), South Korea (1.3 million), Mongo-
lia (891,000), North Korea (398,000), Cambodia (444,000), Malaysia 
(149,000) and Sri Lanka (147,000) (Table 2). In most countries, these losses 
represent the conversion of natural forests. However, Malaysia has lost only 
planted forests whereas North Korea and Sri Lanka have lost both natural 
and planted forests. As with the global trend, the rate of forest loss in South-
east Asia is declining, with the rate during 2000–2010 being less than half 
that of 1990–2000 (FAO 2011). The biggest turnaround has been in the last 
five years. As recently as 2007, data indicated an annual forest loss of 2.7 
million hectare in South and Southeast Asia (WRI 2005), a rate which ex-
ceeded the dire projections of the 1997 Asia-Pacific Forest Sector Outlook 
(Blanchez 1997). Successful tree planting programs and the protection of 
natural forests from conversion have reversed that trend. Asian countries 
where the rate of forest loss is not declining are Mongolia and North Korea. 
In Indonesia, the rate of forest lost has greatly declined, but annual forest 
loss is still high (100,000 hectare of primary forests and 30,000 hectare of 
planted forests).  
 
Table 1. Forest areas in Asia and the Pacific, 1990–2010. 
 Area (1000 ha) Annual change (1000 ha) 
Annual change % 
Sub-region1 1990 2000 2010 1990–2000 
2000–
2010 
1990–
2000 
2000–
2010 
East Asia 209,108 226,815 254,626 1762 2781 0.81 1.16 
South Asia 78,163 78,098 80,039 -7 221 -0.01 0.28 
SE Asia 247,260 223,045 214,063 -2422 -898 -1.03 -0.41 
Pacific 198,744 198,381 191,384 -36 -700 -0.02 -0.36 
Asia-Pacific 733,364 726,339 740,383 -703 1404 -0.10 0.19 
World 4,168,399 4,085,063 4,032,905 -8334 -5216 -0.20 -0.13 
1) East Asia: China, North Korea, Japan, Mongolia, South Korea 
South Asia: Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, Sri Lanka 
SE (Southeast) Asia: Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, Singa-
pore, Thailand, Timor-Leste, Vietnam 
Pacific: American Samoa, Australia, Cook Islands, Micronesia, Fiji, French Polynesia, Guam, Kiri-
bati, Marshall Islands, Nauru,, New Caledonia, New Zealand, Niue, Norfolk Island, Northern Marina 
Islands, Palau, Papua New Guinea, Pitcairn, Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu, Va-
nuatu, Wallis and Futuna Islands 
Source: FAO 2011 
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Table 2. Forest area of South and Southeast Asia by country, 1990–20101. 
 
 
Forest Area (1000 ha) Annual Change 
(1000 ha) 
Annual Change % 
1990 2000 2010 1990–
2000 
2000–
2010 
1990-
2000 
2000–
2010 
South Asia        
Bangladesh 675 707 673 3.2 -3.4 0.22 -0.23 
Bhutan 414 415 416 0.1 0.1 0.00 0.00 
India 21,417 22,868 25,912 145.1 304.4 0.23 0.47 
Maldives 0 0 0 0 0 0 0 
Myanmar 3,586 3,888 4,180 30.2 29.2 0.10 0.09 
Nepal 431 590 569 15.9 -2.1 0.45 -0.06 
Pakistan 234 296 340 6.2 4.4 0.39 0.27 
Sri Lanka 499 418 352 -8.1 -6.6 -0.40 -0.34 
        
Southeast Asia       
Brunei  314 289 266 -2.5 -2.3 -0.58 -0.57 
Cambodia 833 535 391 -29.8 -14.4 -0.28 -0.14 
Indonesia Na 52,942 50,785 Na -215.7 Na -0.22 
Laos 1,493 1,589 1,714 9.6 12.5 0.06 0.08 
Malaysia 5,776 5,479 5,627 -29.7 14.8 -0.14 0.07 
Philippines 1,163 1,188 1,213 2.5 2.5 0.03 0.03 
Singapore 2 2 2 0 0 0.00 0.00 
Thailand 9,394 9,837 10,712 44.3 87.5 0.25 0.48 
Timor-Leste 29 43 43 1.4 0 0.19 0.00 
Vietnam 1,351 2,237 3,592 88.6 135.5 0.77 1.09 
1)        Forest area includes primary forests, other natural forests, and planted forests. 
 Source: FAO 2011 
 
Besides helping to reverse the loss of forest cover, planted forests are an 
important and efficient source of wood and other tree products. In 2000, for-
est plantations accounted for approximately 5% of global forest cover, with 
industrial forest plantations accounting for only 3% but supplying 35% of 
global roundwood (FAO 2000a). By reducing production pressure, planted 
forests may have a tempering effect on the rate of natural forest loss. While 
established for diverse reasons, tree plantations generally have limited spe-
cies diversity and frequently are monocultures of exotic species. Such sys-
tems are inferior to natural forests in supporting many forest services: biodi-
versity and habitat conservation, genetic conservation, ecological resilience, 
water and soil conservation, and carbon storage (Xu 2011, van Noordwijk et 
al. 2008, van Weerd and Snelder 2008, Roshetko et al. 2007a, Roshetko et 
al. 2007c, Murdiyarso et al. 2002, Lamb 1998, Michon and de Foresta 1995). 
Planting species inappropriate for site conditions, or planting any trees on a 
drought-stressed site (of either natural or anthropogenic origin), can nega-
tively impact ecological services (Xu 2011). 
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Additionally, in many cases forest plantations are a main cause of natural 
forest conversion and loss (Xu 2011, Barr et al. 2004, ARD 2004, Forester et 
al. 2004, Sheng and Cannon 2004), thus being a direct cause of natural for-
est, biodiversity and carbon stock loss. This may be occurring in Vietnam, 
which has planted 2.5 million hectare of trees in the last 20 years, but lost 
304,000 hectare of natural forests in the same period. As with commercial 
logging of natural forests, tree plantations provide less social and liveli-
hoods’ services to rural communities than community-managed forests and 
agroforestry systems (Tomich et al. 1998). 
Moreover, forest plantations have not been equally successful across the 
region: efforts to promote plantations regularly fail to achieve the expected 
targets and results (Moestrup 1999, Lasco et al. 2001, Snelder and Lasco 
2008, Barney 2008). This includes areas where timber is ‘cleared’ for planta-
tion development, providing short-term economic returns for investors, 
without plantations being established (Barr et al. 2004, Sheng and Cannon 
2004). Thus, forest plantations are a paradox. They are an important and ef-
ficient source of wood and non-wood products but are also a main cause of 
forest conversion and the loss of environmental services provided by these 
natural systems. 
The decrease in natural forest area is associated with a loss of forest ser-
vices, which are not provided in equal quality or quantity by a similar area of 
planted forests. This is alarming as most of the world’s population resides in 
Asia (Worldometers 2011). Decreases in natural forest and accompanying 
accelerated shortages of forest products and services will affect both rural 
and urban populations throughout the region. 
An important environmental service provided by forest is carbon storage 
and climate change mitigation. The Intergovernmental Panel on Climate 
Change’s Third Assessment Report concluded that there was strong evidence 
that human activities have affected the world’s climate (IPCC 2001). The 
rise in global temperatures has been attributed to emissions of greenhouse 
gasses, notably carbon dioxide. Indonesia is the third largest emitter of 
greenhouse gasses (WB et al. 2007, Lasco et al. 2004). Tropical forests have 
the largest potential to mitigate climate change amongst the world’s forests 
through conservation of existing carbon pools (for example, reduced impact 
logging), expansion of carbon sinks (for example, reforestation, agroforest-
ry), and substitution of wood products for fossil fuels (Brown et al. 1996, 
2001). In tropical Asia, it is estimated that forestation, agroforestry, regener-
ation and avoided deforestation activities have the potential to sequester 
7.50, 2.03, 3.8–7.7 and 3.3–5.8 Pg C respectively between 1995 and 2050 
(Brown et al. 1996).  
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1.2 Population growth, economic development and demand for forest 
products 
 
While the forest base will decrease, human populations and economic devel-
opment will grow, increasing the demand for, and consumption of, forest 
and wood products throughout Asia and the rest of the world. In 1995, South 
and Southeast Asia were home to, respectively, 1,109 million (23% of the 
world’s population) and 437 million (9%) (ADB 2004). By 2010, the human 
populations of the regions had grown to 1,598 million and 593 million, re-
spectively, with their propositional share of the global population remaining 
steady (United Nations 2010). These rates of growth are similar to those pro-
jected for 2010 by an FAO social and economic study (Chipeta et al. 1998).  
Current annual population growth rates for individual countries in South 
and Southeast Asia ranged between 0.7% in Thailand and Myanmar; 1.8% in 
Pakistan, Nepal, Bhutan and Brunei; 2.1% in Timor-Leste; and 3.5% in Sin-
gapore (United Nations 2010). Gross national income (GNI) per capita in the 
regions in 2005 varied from US $270 in Nepal through US $430 in Cambo-
dia and Laos to US $2,720 in Thailand and US $4,970 in Malaysia (ADB 
2006). Increases in GNI per capita between 2000 and 2005 varied from 17% 
in Nepal and Bhutan to 35% in Thailand, 62% in India and Vietnam, 
and125% in Indonesia (ADB 2006). The gross domestic products (GDP) of 
most South and Southeast Asian countries are estimated to have grown at 
annual rates of 5–8% between 2010 and 2012 (CIA 2012). At such growth 
rates, Chipeta et al. (1998) projected that the size of the middle classes of 
Asia’s developing economies (excluding Japan) would double or triple in the 
first decade of the new millennium, numbering 0.8 to 1 billion people and 
forming a middle-class market equal to or surpassing that of the US and Eu-
rope combined (Naisbitt 1995 in Chipeta et al. 1998). Population growth and 
expansion of middle classes with greater disposable incomes will increase 
the demand and consumption of forest products, which in turn will be re-
flected in expanded global trade of these products.  
According to the FAO (2005), major Asian forest products traded in in-
ternational markets included industrial roundwood (59 million m3 with 14% 
for export markets), wood-based panels (35 million m3; 46% exports), 
sawnwood (32 million m3; 25% exports), paper and paperboard (32 million 
m3; 35% exports), and pulp for paper (16 million m3; 17 % export). The pro-
duction and trade of forest products vary greatly across countries: Indonesia 
is the greatest producer of industrial roundwood, wood-based panels and pa-
per/paperboard (Table 3, based on 2002 data); India is the greatest producer 
of sawnwood; and Malaysia is the largest volume exporter of industrial 
roundwood.  
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The relationships between population and economic growth and the de-
mand, consumption, and trade of forest products are complex, with various 
other factors playing significant roles as well. Developing a good overview 
of the subject requires comparing various, potentially confusing, data 
sources. Data for these factors for the same period (1990–2002) shows that 
Indonesia and Laos experienced enormous growth in population and per cap-
ita GNI, and realized net gains in terms of the financial value of their forest 
product trade (Table 3). Malaysia, Cambodia and Myanmar, while all expe-
riencing population and per capita GNI growth, showed substantial decreas-
es in net financial gain from forest product trade during the same period. The 
differences in trade trends can be explained in terms of access and availabil-
ity (abundance or scarcity) of harvestable forest resources; the relative con-
tribution and financial value of processed forest products; and changes in na-
tional economies. Most countries in the region experienced a decrease in 
forest product trade between 2000 and 2002 (Table 3). Bhutan and Vietnam 
even changed from forest-product exporters to forest-product importers. 
These changes can likewise be explained by an increasing financial value of 
imported forest products and a decreasing value of exported forest products, 
suggesting a mounting shortage of locally produced forest products (Table 
3). The export of forest products in most South and Southeast Asian coun-
tries accounted for less than 1% of 2000–2002 GDP. The exceptions being 
Indonesia, with forest products exports accounting for 3.3% of GDP; Malay-
sia (3.2%); and Laos (2.6%) (WRI 2005). 
Woodfuel (fuelwood and charcoal) production is the greatest among for-
est products in terms of volume in Asia (782 million m3 in 2002 for coun-
tries in South and Southeast Asia, see Table 4). However, woodfuels are 
produced primarily for local consumption, with only 22,480 m3 of woodfuels 
(8%) traded internationally (FAO 2005). During 1990–2002, the per capita 
use of woodfuels declined in countries with higher GNI levels: Indonesia, 
Malaysia, Philippines, Sri Lanka and Thailand. During the same period, the 
use of fuelwoods grew in the lower GNI countries: Bhutan, India, Laos and 
Myanmar (tables 3 and 4). Through 2005, relative trends in woodfuel con-
sumption in those countries remained the same, with the exception of the 
Philippines where consumption increased. Overall fuelwood consumption 
slightly decreased in South and Southeast Asia (FAO 2010, FAO 2011). 
While fuelwood use varies both between and within Asian countries, it is a 
common and important energy source not only for rural and urban low-
income households but also for higher income households (FAO 2003a). 
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Table 3. Trends in population growth, per capita Gross National Income (GNI) and 
average net annual trade in forest products for various South and Southeast Asian 
countries. 
Country/region Population1 
(million) 
Annual % 
population 
growth1 
GNI/capitaa 
(US $) 
Average annual net trade 
in forest products b, 4,,5 
( US $ ,000) 
1990 2005 2000–2005 20002 20053 1990–1992 2000–2002 
Bangladesh# 108.7 137.0 1.4 380 470 -17,581 -75,872 
Bhutan# 0.7* 0.8 2.4 510 600* 7,119 -876 
Cambodia* 8.6 13.8 1.9 290 430 41,705 7,374 
India# 835.0 1107.0 1.7 450 730 -547,290 -865,449 
Indonesia^ 179.4 219.9 1.3 570 1280 3,170,812 3,909,903 
Lao PDR* 4.1 5.6 1.4 290 430 33,951 45,114 
Malaysia^ 18.1 26.1 2.2 3390 4970 2,737,487 1,907,737 
Myanmar* 40.8 55.4 2.0 n.a. n.a. 291,461 231,529 
Nepal# 18.1 25.3 2.3 230 270 -3,960 -1,514 
Philippines^ 60.9 85.2 2.1 1030 1320 -134,026 -495,568 
Sri Lanka# 16.3 19.7 1.3 890 1160 -76,625 -86,884 
Thailand* 55.8 64.8 0.8 2010 2720 -1,074,407 -301,270 
Vietnam* 66.0 83.1 1.4 380 620 85,163 -117,044 
Asia 1415.4 1848.7 n.a. n.a. n.a. -14,208,400 -19,568,974 
1)    Source: ADB 2006 
2)   Source: ADB 2004  
3)   Source: World Bank 2007 at   
http://siteresources.worldbank.org/DATASTATISTICS/Resources/GNIPC.pdf  
4)   Source: FAOStat 2007, Earthtrends Data Tables: Forest Production and trade 2005 at 
http://earthtrends.wri.org/datatables/index.php?theme=4  
5)   Source: World Resources Institute 1994; FAO 2005 
*)   2002 data 
a)   GNI per capita (formerly GNP per capita) is the gross national income, converted to US dollars using 
the World Bank Atlas method, divided by the midyear population. GNI is the sum of value added by 
all resident producers plus any product taxes (less subsidies) not included in the valuation of output 
plus net receipts of primary income (compensation of employees and property income) from abroad.  
b)   Refers to the aggregate of all forest products, including industrial roundwood, fuelwood and char-
coal, sawnwood, wood-based panels, wood pulp (including recovered paper), and paper and paper-
board (see also Table 3); a negative trade value refers to a net expenditure derived from a net import 
of forest products whereas a positive value refers to a net income derived from a net export of forest 
products.  
#)   average of 1989–1991 consumption data 
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Table 4. Trends in volumetric woodfuel consumption, net trade in industrial round-
wood, and production of major forest products for various South and Southeast 
Asian countries. 
 
Country / 
region 
Consumption a of 
woodfuels 
Net trade in  
industrial  
roundwood b 
Production of  
industrial  
roundwood 
Production of 
sawnwood 
Production of 
wood-based  
panels 
Production of 
paper and  
paperboard 
(,000 m3) (,000 m3) (,000 m3) (,000 m3) (,000 m3) (,000 m3) 
1990 c 2002 1990 c 2002 1990 c 2002 1990 c 2002 1990 c 2002 1990 c 2002 
Bangladesh# 30,061 27,763 -87 3 882 575 79 70 8 9 95 46 
Bhutan# 1,254 4,348 4 0 278 134 33 31 12 32 - - 
Cambodia* 5,366 9,737 56 - 681 125 79 5 2 37 - 0 
India# 250,089 300,564 -1,118 1,990 24,421 19,308 17,460 7,900 442 645 2,202 3,973 
Indonesia^ 141,017 82,556 1,245 (322) 26,804 32,997 9,549 6,500 8,837 12,635 1,432 6,995 
Laos* 3,827 5,899 20 (63) 367 392 66 182 10 13 - - 
Malaysia^ 8,719 3,228 20,125 (4,762) 41,219 17,913 8,684 4,594 2,071 6,803 283 851 
Myanmar* 17,785 35,403 669 (877) 5,065 5,539 436 381 15 20 11 42 
Nepal# 17,661 12,728 4 0 583 1,260 470 630 - 5 9 13 
Philippines^ 33,447 13,328 -276 433 5,019 3,079 845 154 455 620 212 1,056 
Sri Lanka# 8,364 5,774 0 0 674 694 12 61 10 22 17 25 
Thailand* 34,585 20,250 -1,444 688 3,154 7,800 1,123 288 340 705 868 2,444 
Vietnam* 24,154 26,547 262 39 4,816 4,183 782 2,950 40 40 67 384 
Asia 817,437 782,395 49,527 43,312 254,245 222,563 104,587 61,157 27,515 58,768 56,357 97,823 
 
Source 1990 data: WRI 1994 
Source  2002 data: FAO 2006 
a)     woodfuel consumption equals woodfuel production for all countries listed suggesting no international 
trading in woodfuels 
b)     positive values represent a net income derived from export of the product in question whereas nega-
tive values represent a net expenditure derived from net import of the product 
c)     annual average of 1989–1991 data 
 
Within South and Southeast Asia, there is a trend towards lower trade of 
unprocessed (or partially processed) forest products such as industrial 
roundwood and sawnwood (see Table 4) and a higher production and trade 
of processed forest products such as wood-based panels, paper and paper-
board. The demand for all forest products, whether processed or not, is sig-
nificant and is projected to remain so and increase, from the local to interna-
tional levels, with a growing number of countries being unable to meet their 
domestic demand, whether from a shortage of local resources or shift in eco-
nomic base. This projection emphasizes the urgent need to expand the re-
gional forest base, a process that should include afforestation, reforestation, 
and the establishment of other tree-based systems not normally included in 
forest system classifications, such as smallholder agroforestry systems 
(Roshetko et al. 2008a). 
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1.3 Other sources of tree products and services 
SUSTAINABLE MANAGEMENT OF FORESTS 
As discussed above, planted forests (plantations) can be efficient systems for 
producing wood fibre. But compared to the natural forests they replace they 
do not provide the quality and quantity of services and products required by 
human society’s growing needs. Additionally, the time lag between planta-
tion establishment (tree planting) and tree product harvesting (even for fast-
growing species) is counted in years. Thus, the pressure on natural forests 
will likely become worse before it becomes better. To minimize production 
pressure, efforts must be made to conserve the shrinking natural forest re-
source through sustainable management: ‘the stewardship and use of forests 
and forest lands in a way, and at a rate, that maintains their biological diver-
sity, productivity, regeneration capacity, vitality and their potential to fulfil, 
now and in the future, relevant ecological, economic and social functions, at 
local, national and global levels, and that does not cause damage to other 
ecosystems’ (FAO 2000b).  
There remains debate regarding the potential of sustainable management 
of forests. Rice et al. (1997) argued that sustainable forest management fo-
cused on perpetual yields of multiple services and products provides lower 
returns and damages forests more than conventional timber harvesting. 
Pearce et al. (2003) acknowledged that sustainable forest management was 
less profitable than conventional logging but performed better in terms of 
carbon storage and biodiversity conservation. The latter suggests sustainable 
forest management has high prospects in safeguarding forests and meeting 
society’s multiple demands as values attached to forests and associated ser-
vices rise over time. An analysis of various landuse systems demonstrated 
that sustainable community-based management provided superior biodiversi-
ty, carbon storage and rural social/livelihood services compared to commer-
cial logging (Tomich et al. 1998). Another global study found that commer-
cial logging was a common cause of forest conflict, with local communities 
set against companies and government agencies (ARD 2004, Forester et al. 
2004). Commercial logging frequently usurped legal local traditional rights 
and was the major cause of forest degradation in many areas (Lasco et al. 
2001, Mittelman 2001, ARD 2004, Barr et al. 2004, Wulan et al. 2004,  
Forester et al. 2004, Sheng and Cannon 2004).  
While sustainable forest management cannot counter-balance the loss of 
natural forests, it is the only viable option to conserve that dwindling  
resource, enabling natural forests to provide the environmental services that 
they are uniquely positioned to supply—biodiversity conservation, soil and 
water conservation, and carbon storage—and contribute strongly to healthy 
ecosystems, multiple socioeconomic benefits, and support of  
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social/livelihoods’ services to poor rural communities. Sustainable forest 
management, however would need to be combined with other sources of tree 
services and products (Roshetko et al. 2008a).  
SMALLHOLDER TREE-FARMING SYSTEMS 
In this thesis, the term ‘smallholder tree-farming systems’ is interchangeable 
with ‘smallholder agroforestry systems’. Depending on local needs or oppor-
tunities, smallholder systems may focus on tree crops, agricultural crops, 
livestock or a combination of the three. These various systems will differ 
greatly in size, species components, tree density, tree longevity, and man-
agement intensity (II). A shortage of local forest resources is often the cata-
lyst of spontaneous expansion of smallholder agroforestry systems. This type 
of farmer-led, spontaneous, smallholder tree-farm development has been 
documented in Bangladesh (Byron 1984), Sri Lanka (Gunasena 1999),  
Philippines (Pasicolan and Tracey 1996, Schuren and Snelder 2008, FAO 
1993, Magcale-Macandog et al. 1999), Kenya (Scherr 1995, Place et al. 
2005) and Indonesia (Michon and Bompard 1987). In addition, proximity to 
urban centres creates high demand for timber, fruit and other forest products 
and stimulates spontaneous smallholder agroforestry. This is particularly true 
for areas far from the extractive forest frontier and/or with farms large 
enough to support tree crops in addition to seasonal cash crops. In other situ-
ations (for example, in central and eastern Java), the (temporary) migration 
of young people to cities results in extensification of land use with tree farm-
ing as a form of a ‘living saving account’ (Roshetko et al. 2008a). Under 
these conditions, smallholder farmers see tree farming as a means of diversi-
fying their production, reducing risk, and building assets to enhance family 
incomes and security (I, II, Schuren and Snelder 2008). As opposed to forest 
plantations and other public-planted forests discussed above, smallholder 
tree-farming systems provide an array of tree and forest products and ser-
vices, including support of local livelihoods. 
Smallholder tree-farming systems may originate from natural forests that 
have been altered in composition or structure by local people, tree-based sys-
tems established on agricultural or fallowed land, or a combination of both. 
There are examples of forest degradation being deflected by the establish-
ment of smallholder tree-farming systems that avoid the more serious stages 
of environmental degradation (de Jong et al. 2001). In these situations, good 
markets for tree products, such as fruits, resins and latex, have allowed a 
transition of substantial areas of Southeast Asian forests into ‘agroforests’, a 
land use that combines ‘planted trees’ with forest flora and fauna, either re-
tained or naturally regenerated vegetation (de Jong et al. 2001, Michon and 
de Foresta 1990, 1995). Similarly, through the production of tree products 
and services on farms, smallholder agroforestry systems have been identified 
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as a means of reducing pressure on and conserving natural forests (de Fores-
ta et al. 2004, Scherr and McNeely 2008, Strandby-Andersen et al. 2008, 
Jamnadass et al. 2010). Farmers in Sumatra who cultivated agroforestry sys-
tems relied less on wood supplies harvested from the natural forest than 
those without agroforestry systems (Murniati et al. 2001). Dawson et al. 
(2013a) recently published a review paper on smallholder agroforestry’s 
contribution to tropical tree diversity. This aspect of smallholder agroforest-
ry systems is referred to as ‘conservation through use’.  
Smallholder farmer tree-planting systems are generally successful on 
their own terms. Smallholders have limited time and financial resources. The 
trees they plant represent a conscious investment for which other options 
have been forfeited. Farmers generally restrict plantings to the number of 
trees that can be maintained and integrate tree-growing with their crop and 
animal production activities. The management practices undertaken to assure 
good food crop yields cultivation, weed control and fertilization also benefit 
their trees. The available land, labour and other resources are allocated ac-
cording to the farmer’s objectives. Because landholdings are small, farmers 
can select the farm niches most appropriate for tree production. The combi-
nation of limited resources, small individual plantings, and intimate familiar-
ity with the planting site result in high tree survival and good growth rates. 
Smallholder tree-growing activities benefit from intensive management over 
limited areas and vested self-interest: the desire of the farmer to profit from 
their investment of time and resources (Roshetko et al. 2008a).  
Besides supporting family livelihoods, smallholder agroforestry systems 
also make a significant contribution to national economies and global trade. 
The five major global tree commodities are oil palm, coffee, rubber, cacao 
and tea, with an export value of roughly US $60 billion in 2009 (FAO Trade 
Statistics in Dawson et al. 2013b). Indonesia is a major producer of all five 
commodities. In 2011, smallholders produced most of the coffee and cacao 
in Indonesia, 80% of the rubber, 39% of the oil palm, and 26% of the tea 
(Table 5; DGEC, 2012). Compiling data from diverse sources, with various 
definitions of ‘smallholder’, Dawson et al. (2013b) reported that globally 
smallholders are responsible for 90% of cacao production, more than two-
thirds of coffee production, up to three-quarters of rubber production, and 
75% and 50% of tea production in Sri Lanka and Kenya, respectively. 
Smallholders with diverse, risk-averse farms that include a significant 
tree component could be efficient producers of other tree commodities in the 
future. As described above, their tree-farming systems have high potential to 
yield both wood and non-wood products and play an important role in the 
reforestation of degraded lands. Smallholder tree-farming systems have the 
potential to be one component of a general poverty alleviation strategy for 
agrarian-based, poor rural communities (II, Krol 1992, Michon and Mary 
14 
 
 
1994, Snelder 2008). Although the potential of tree-farming systems for 
poverty alleviation has not been fully exploited and the extent to which these 
systems can alleviate poverty and enhance food security is poorly document-
ed, the importance and potential of the systems will continue to rise, particu-
larly with the continued development of market economies and rural infra-
structure (I).  
 
Table 5. Smallholder production of oil palm, coffee, rubber, cacao and tea in Indo-
nesia, 2011. 
 
Smallholder area 
(,000 ha) 
% of total 
area 
Smallholder production 
(,000 ton) % of total production 
     Oil palm 3,315 42 7,774 39 
Coffee 1,255 96 679 96 
Rubber 2,935 85 2,104 80 
Cacao 1,641 94 828 92 
Tea   56 46 40 26 
     
Note: Figures are based on historical records, current trends and preliminary data for 2011 
Source: Director General of Estate Crops, Department of Agriculture, 2012 
1.4 Organization of the thesis 
 
This thesis is organized into six main sections. This first section reviewed 
the trends in global and regional deforestation, human population growth, 
and demands for forest and tree products as well as the contribution of 
smallholder tree-farming systems to environmental sustainability and local 
livelihoods. The following section states the hypothesis of the thesis, the ob-
jectives of the five papers included in the thesis and the relationship between 
these papers. The third section summarizes the objectives, materials and re-
sults of the five papers. The fourth section is a synthesised discussion of the 
results of the papers. The fifth section provides an overall conclusion to the 
thesis. The sixth section is a description of future work required to further 
recognize and consolidate the importance of smallholder tree-based systems 
and further test the hypothesis of the thesis. The thesis is supported by a re-
view of literature, including other work completed by the candidate. Copies 
of the five papers are provided after the References.  
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2. OBJECTIVES OF THE THESIS 
 
The hypothesis of this thesis is that smallholder tree-farming systems are vi-
able agricultural and natural resources management systems that contribute 
significantly to global environmental goals and local economic objectives. 
The general validity of the hypothesis is supported by the thesis introduction, 
which demonstrates smallholder tree-based systems i) provide considerable 
tree cover and environmental services which are threatened by global trends 
in forest loss; and ii) support the livelihoods of millions of smallholder farm 
families through the production of tree and agricultural products for home 
use and market sale.  
The hypothesis is further tested through the objectives of the five papers 
included in the thesis that illustrate smallholder systems’ capacity for carbon 
storage, appropriateness for carbon projects, and capacity to produce mar-
ketable timber simultaneously with agricultural crops. There are specific ob-
jectives of each paper.  
 
1) Generation of carbon stock inventory data for representative Indone-
sian homegarden systems to demonstrate that smallholder agrofor-
estry systems can serve global environmental goals by targeting 
them for increased carbon storage. 
2) Identification of the types of agroforestry systems that are appropri-
ate for carbon storage, the types of technical assistance that will en-
hance smallholder agroforestry systems, and the types of enabling 
conditions that favour smallholder benefits and carbon project suc-
cess.  
3) Evaluation of the issues of ‘additionality’, ‘leakage’, and ‘perma-
nence’2 from the point of reference of smallholder agroforestry sys-
tems and carbon projects. 
4) Identification of ‘genetic-level’ responses by trees to environmental 
changes in the specific context of smallholder agroforestry systems 
and how that knowledge can be translated into action to better man-
age tree genetic resources on smallholding farms for more produc-
tive and sustainable environmental management. 
5) Evaluation of the cultivation and utilization of Gmelina arborea as a 
viable species for smallholder tree farms in Indonesia. 
                                                 
2)  Additionality requires that carbon stocks accrued to a carbon sequestration project are ‘additional’ to 
those that would occur without the project. Leakage is the loss of carbon, primarily as woody bio-
mass, in non-project areas due to changes in landuse practices resulting from activities within the 
project area. Permanence concerns the longevity and stability of a carbon stock. The carbon stocks in 
any landuse system, although theoretically permanent, are potentially reversible through human ac-
tivities and environmental change, including climate change.  
16 
 
 
6) Investigation of the effect of various pruning regimes on Gmelina 
arborea growth and associated maize yield and their implications for 
the financial returns of smallholder timber production systems. 
 
Papers I and II focus on smallholder systems for carbon storage and, re-
spectively, the first and second objectives listed above. Both papers also ad-
dress the third objective, the issues of additionality, leakage, and permanence 
from the point of reference of smallholder agroforestry systems and carbon 
projects. Paper III concentrates on the fourth objective, the importance of 
tree genetic resources and their management for the adaptation of smallhold-
er agroforestry systems to climate change. The issues covered in these three 
papers are also relevant to a broader set of global environmental goals—
reforestation, land rehabilitation, biodiversity conservation, or other envi-
ronmental services—as well as rural development in general. Similarly, 
while papers IV and V focus on the establishment and management of Gme-
lina arborea as a timber crop for smallholders (objectives 5 and 6), the man-
agement issues discussed are equally relevant to other timber species and 
smallholder agroforestry tree crops in general, such as cacao, coffee, rubber, 
fruits, spices, medicines or a combination of such crops.  
All five papers and six objectives are applicable to the wide range of bio-
physical and socioeconomic conditions under which smallholder agroforest-
ry systems are operated in Southeast Asia. Examples from literature and the 
candidate’s past and continuing work are cited to support this assertion. The 
thesis ends with a description of future work required to recognize the im-
portance of smallholder tree-based systems and further test the hypothesis.  
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3. OBJECTIVES, OVERVIEWS AND RESULTS OF PAPERS 
3.1 Carbon stocks in Indonesian homegarden systems: can smallholder 
systems be targeted for increased carbon storage? American Journal of 
Alternative Agriculture 17:138–148 (Study I). 
 
Forest-based landuse systems—natural forests, forest plantations, and agro-
forestry systems—sequester and store carbon dioxide through the carbon in 
their biomass. By promoting landuse systems which have a higher carbon 
content than an existing plant community, net gains in carbon stock (hence, 
sequestration) can be realized. The most significant increases in carbon stor-
age can be achieved by moving from lower-biomass landuse systems (for 
example, grasslands, agricultural fallows and permanent shrublands) to tree-
based systems. However, because many efforts to achieve increased forest 
carbon storage may have negative implications for the rural poor, options 
that support human livelihoods deserve special attention. 
Indonesia provides an attractive environment for carbon investment. 
There are over 8.5 million hectare of Imperata grasslands in Indonesia (Gar-
rity et al. 1997). Originally forests, these lands include pure grasslands, cy-
clic fallows and shrublands, and are acknowledged to be underutilized. 
There is clear interest, at both governmental and smallholder farmers’ levels, 
to convert some of these lands to more productive land uses, including tree-
based systems (Tomich et al. 1997). Homegardens are a common agroforest-
ry system adopted by smallholders in many parts of Indonesia. These spe-
cies-rich, tree-based systems usually occupy lands immediately surrounding 
the dwellings and are used to produce a diverse array of food and other 
products. Traditionally intended to produce goods mainly for home con-
sumption, the advent of rural infrastructure and market economies has made 
homegardens more commercially oriented. Homegarden production now 
commonly serves both household and market demand, providing families 
with much-needed income (Krol 1992, Michon and Mary 1994). 
Simultaneously, homegardens, and other tree-rich, smallholder systems, 
offer potential for carbon storage because of their high woody biomass. The 
question raised by the paper was whether the role of smallholder agroforest-
ry systems could be expanded to serve global environmental goals by target-
ing them for increased carbon storage? The objective of the study was to 
generate carbon stock inventory data for homegarden systems in Lampung 
province, Sumatra, Indonesia. Study results were compared to carbon stock 
data for other landuse systems in Sumatra (Tomich et al. 1998). 
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The study was conducted in three villages in Pakuan Ratu district in 
Lampung province, Sumatra, Indonesia. Soils were well-drained, deep (>1–
1.5 m), acidic and of low fertility. Elevation was less than 100 m above sea 
level, mean annual temperature was 28 °C, varying between 22 and 33 °C. 
Annual rainfall averaged 2200–2500 mm, with 5–6 months greater than 200 
mm and 1–4 months less than 50 mm. At the study site, most families owned 
a 0.25 hectare homegarden. The species’ composition of local homegardens 
included trees that produced fruit, vegetables, spices, oil, medicines, other 
non-wood products and timber; and annual crops such as vegetables, cassa-
va, corn and rice for home consumption. The other major landuse classes in 
the area were sugarcane plantations, commercial cassava, other agricultural 
crops, Imperata grasslands and degraded secondary forests. 
Nineteen homegardens were included in the study. Homegardens were 
selected if the landowner gave permission, and both structure and species 
present were considered typical of local homegardens. Homegardens were 
excluded if they contained 50% or more of i) annual crops (vegetables, cas-
sava, maize, rice, etc.); or ii) one market-oriented tree crop (for example, 
coffee (Coffea robusta), coconut (Cocus nucifera) and/or sengon (Paraseri-
anthes falcataria)). Homegardens that contained 25% or more of fish pond 
or rice paddy were also excluded. The carbon monitoring system used in this 
study quantified the carbon stocks in landuse systems using forestry and ag-
roforestry inventory principles and practices (MacDicken 1997, Delaney and 
Roshetko 1999). The system quantified carbon sequestered by measuring 
changes in four main carbon pools over time or comparing the carbon in 
these four pools with other landuse options. Main carbon pools were above-
ground biomass, litter, herbaceous material and soil. The system was very 
similar to the methods used to quantify carbon stocks in other Sumatran 
landuse systems (Hairiah et al. 1999, Palm et al. 1994). Details regarding 
plot installation, measurements, and estimations of aboveground biomass are 
provided in the full paper (I). 
Homegarden ages varied from 12 to 17 years, with an average of 13 
years. Total carbon per homegarden ranged from 56 to 174 Mg C ha-1 with 
an average of 107 Mg C ha-1 (I, Table 1). Tree biomass (aboveground plus 
roots) and soil accounted for 98% of these carbon stocks (41% and 57%, re-
spectively). Aboveground carbon in the homegardens varied from 6.3 to 
84.0 Mg ha-1, with an average of 35.3 Mg ha-1 with a coefficient of variation 
(CV) of 60%. Soil carbon varied from 10.4 to 103.7 Mg ha-1, with an aver-
age of 60.8 Mg ha-1 (CV of 32%). The remaining 2.2% of the carbon stock 
was in the litter (1.9%) and herbaceous (0.3%) pools. The homegardens were 
diverse, containing 45 tree species. A total of 597 trees were sampled, with 
an average of 34 per homegarden (2–3 plots/homegarden). The species, their 
predominance in the homegardens, and their primary uses are given in Table 
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3 (I). Eighty percent of the species in the homegardens provided primarily 
non-wood products or services: fruits, vegetables, spice, oils, medicines, res-
ins and soil improvement. Coincidentally, these species also accounted for 
80% of the trees surveyed and 73% of the tree biomass (I, tables 2 and 3). 
Twenty percent of the species in the homegardens, representing 20% of the 
trees sampled and 27% of the tree biomass, were grown primarily for timber 
and wood production (I, tables 2 and 3). These species can also produce non-
wood products or services, but these products and services were of second-
ary importance.  
The carbon content of homegardens compares favourably with that of 
mature agroforests, secondary forests, young rubber agroforests, Imperata 
grasslands, and cassava systems: five common landuse systems in the study 
area (Hairiah 1997). The carbon storage in homegardens was 58 times great-
er than in Imperata systems and had 1.5 times more carbon than young rub-
ber agroforests. However, both mature agroforests and secondary forests 
contained higher carbon stocks compared to homegardens because the trees 
in these systems were older than the trees in homegardens with an average of 
30 years compared to 13 years.  
3.2 Smallholder agroforestry systems for carbon storage. Mitigation 
and Adaptation Strategies for Global Change 12:219–242 (Study II). 
  
During the Third Conference of Parties (COP 3) of the United Nations 
Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol 
was drafted. This was the first international agreement to place legally bind-
ing limits on greenhouse gas emissions from developed countries (UNFCCC 
1997). The Protocol entered into effect on February 2005, providing flexible 
mechanisms to meet carbon emissions reduction obligations. The most rele-
vant mechanism for developing countries was the Clean Development 
Mechanism (CDM) found in Article 12, which allowed Annex 1 (developed) 
countries to meet their carbon reduction quota via activities in developing 
countries.  
During the COP 6 in 2000, parties to the convention approved the inclu-
sion of ‘sinks’ (land use, land-use change and forestry (LULUCF) projects 
for the first commitment period but limited them to reforestation and affor-
estation only. The rules and modalities for LULUCF projects were finalized 
in 2003 during COP 9 (UNFCCC 2003, Decision 19/CP9).  
Carbon credits obtained through the CDM were called ‘certified emission 
reductions’ (CERs). To qualify for CERs under the Kyoto Protocol, refor-
estation and afforestation activities had to be directly induced by humans. As 
many efforts to achieve increased forest carbon storage may have negative 
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implications for the rural poor, options that supported human livelihoods de-
served special attention.  
Addressing this concern, the CDM provided opportunities for investors 
seeking CERs to invest in developing countries for the dual mandate of re-
ducing greenhouse gas emissions and contributing to sustainable develop-
ment. Similarly, the World Bank initiated the Community Development 
Carbon Fund and the BioCarbon Fund to link the enhancement of local live-
lihoods with carbon investment projects. Tree-based carbon sequestration 
projects were eligible for the CDM and World Bank funds.  
Globally, the greatest potential area for expanding agroforestry practices 
and other forms of landuse intensification is in areas considered ‘degraded’ 
at the margins of the humid tropics, such as many secondary forest fallows, 
Imperata grasslands, and degraded pastures (Sampson and Scholes 2000). It 
is estimated that a total of 10.5 × 106 ha could be placed under agroforestry 
yearly, if enabling government policies such as those described by Fay et al. 
(1998) and Tomich et al. (1998) would be put into place.  
Economic and financial analyses of agroforestry systems with potential 
for CDM in Indonesia were encouraging (Ginoga et al. 2004, 2005). For ex-
ample, in Gliricidia sepium tree farms, carbon payments encouraged land-
holders to adopt less intensive practices since net revenues were higher 
(Wise and Cacho 2005). In the Philippines, carbon sequestration through 
Paraserianthes falcataria-based agroforestry systems was found to be less 
costly than pure tree-based systems, suggesting that agroforestry systems 
were the more attractive option (Shively et al. 2004). 
Southeast Asia contains vast areas of degraded and underutilized lands 
that could be used for carbon investment. Best estimates indicate that there 
are 35 × 106 ha of Imperata grasslands in Southeast Asia (Garrity et al. 
1997). Originally forests, these lands now include pure grasslands, cyclic fal-
lows and shrublands, and are acknowledged to be underutilized. There is 
clear interest, at both the governmental and smallholder farmer levels, to 
convert some of these Imperata grasslands and other degraded lands to more 
productive land uses, including tree-based systems (I, Tomich et al. 1997).  
The establishment of agroforestry systems on underutilized sites would 
sequester carbon and could prevent further deforestation by providing on-
farm sources of tree products (Sanchez 1994, Schroeder 1994). Agroforestry 
is one means by which smallholder farmers could benefit from carbon in-
vestment projects (CIFOR 2000, Sampson and Scholes 2000, Smith and 
Scherr 2002). Smallholder agroforestry systems maintain high tree densities 
and may contain high carbon stocks. On a per area basis, tree-rich small-
holder systems accumulate a significant amount of carbon, equalling the 
amount of carbon stored in some secondary forests over similar time periods 
(I, Tomich et al. 1998).  
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Their ability to address smallholder livelihoods’ needs, provide tree and for-
est products needed by society and simultaneously store large quantities of 
carbon make tree-rich smallholder agroforestry systems possible prototypes 
for CDM-type projects. Individual types of agroforestry systems differ great-
ly as do the conditions under which each type is appropriate. A set of guide-
lines is needed to help identify the type of agroforestry systems and condi-
tions that are most promising for CDM-type projects. The paper addresses 
the: types of agroforestry systems appropriate for carbon storage; types of 
enabling conditions that favour smallholders’ benefits and project success; 
type of technical assistance that can enhance smallholder agroforestry sys-
tems; and the topics of additionality, leakage, and permanence from the point 
of reference of smallholder agroforestry systems. 
3.3 Climate change and tree genetic resource management: maintain-
ing and enhancing the productivity and value of smallholder tropical 
agroforestry landscapes: a review. Agroforestry Systems 81:67–78 (Study 
III).  
 
Anthropogenic climate change caused by greenhouse gas emissions is alter-
ing the mean, range and seasonality of a series of climatic variables, result-
ing in rapid temperature increases, significantly different rainfall patterns 
and a greater frequency of extreme weather events in many regions (IPCC 
2007). Negative effects will disproportionately impact on the poor and will 
exacerbate current inequalities between high- and low-income nations. For 
example, a 2 ˚C warming could result in permanent reductions in gross do-
mestic product of 4% or more in Africa, a region that already suffers from 
extreme poverty (World Bank 2009). In the absence of appropriate mitiga-
tion and adaption measures, there is a significant danger that climate 
change—together with other interrelated challenges such as high human 
population growth, fuel scarcity, deforestation, soil degradation and biodi-
versity loss—may result in catastrophic impacts (EC 2008, FAO 2006, Mal-
hi et al. 2009). 
Agroforestry—the practice of integrating trees with annual crop cultiva-
tion and other farm activities—is an approach adopted by millions of small-
holders to meet their needs for essential resources of food, medicine, timber, 
fuel, fodder and market commodities, and provides valuable environmental 
services such as soil fertility replenishment, water catchment protection, car-
bon sequestration, biodiversity and habitat conservation, and landscape res-
toration (Garrity 2004, Idol et al. 2011, Roshetko et al. 2007c, Martini et al. 
2012). When an active tree-planting culture exists in rural communities, 
hundreds of indigenous tree species can be found conserved circa situm in 
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farmland (Acharya 2006, Kindt et al. 2006). A diversity of local and exotic 
trees and crops can improve the resilience of agricultural systems to envi-
ronmental change if constituent species respond differently to disturbances 
(I, Kindt et al. 2006, Steffan-Dewenter et al. 2007).  
In addition, by providing alternative sources of products, tree cultivation 
has the potential to take pressure off extractive harvesting from natural for-
ests, contributing to in situ conservation, limiting deforestation and reducing 
greenhouse gas emissions, and fixing carbon in farmland (I, II, Jamnadass et 
al. 2010, Nair et al. 2009). Agroforestry is therefore seen as a key means of 
‘climate-smart’ development. Understanding how to maximize the produc-
tivity of trees in agricultural landscapes under anthropogenic climate change 
is therefore essential in proactive management (World Bank 2009). In addi-
tion, in the context of climate change and other global challenges that will 
result in the loss of natural forests, in the coming decades farmland will play 
an increasingly important role in conserving the biodiversity of tropical trees 
(Simons et al. 2000). This is because not only are in situ options limited, but 
alternative ex situ methods of conservation—in which species are stored as 
seed or as growing plants in ‘formal’ gene banks—are generally not practical 
for tropical trees. This is due to a range of factors, including the number of 
taxa involved, frequent seed recalcitrance, specific associations with micro-
organisms that must be maintained for proper growth, and the prohibitive 
expense and time required to regenerate species with long generation inter-
vals (Kindt and Lengkeek 1999).  
Initial agroforestry-based responses to climate change can be envisaged 
as involving compositional adjustments between constituent tree species 
within farming systems. In this scenario, as climate changes, less well-
performing species on farmland are replaced by other trees that are already 
present at low densities within systems and which are better-suited to new 
conditions (that is, the relative abundance of different species in the land-
scape changes, and certain existing species in farmland may be lost; 
Lengkeek et al. 2005a, b).  
Compositional shifts to combat anthropogenic climate change will, how-
ever, be required beyond the level of species assemblages, and further cru-
cial measures will involve maintaining, enhancing and better-managing tree 
genetic resources at an intra-specific level within farm landscapes. It is these 
interventions that are the focus of this essay. The paper reviews current 
knowledge on ‘genetic level’ responses by trees to environmental change 
(for example, Aitken et al. 2008, Vinceti et al. 2009), in the specific context 
of how that knowledge can be translated into action for the particular case of 
smallholder agroforestry systems in the tropics. The paper contributes to a 
wider discussion of how to better manage tree genetic resources on small-
holder farms for more productive and sustainable practices (Dawson et al. 
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2009), in order to allow rural communities to face the range of pressing chal-
lenges to production that they are currently confronted with, of which cli-
mate change is one among many factors. It first considers germplasm trans-
location in agroforestry systems as a response to climate change; second the 
issue of local genetic adaptation; and third the role of plasticity in species’ 
performance. In the context of climate change, germplasm-based interven-
tions needed to deal with the constraints faced by farmers in tree planting are 
summarized in Table 1 (III).  
3.4 Gmelina arborea: a viable species for smallholder tree farming in 
Indonesia? New Forests 28:207–215 (Study IV).  
 
Across Indonesia, there are 15.1 million hectare (4.5% of the country) of de-
graded land in need of rehabilitation (MOF, 2001). There is interest by both 
the government and farmers to convert some of these lands to more produc-
tive use, including tree crops (I, Tomich et al. 1997). Smallholders cultivate 
1–5 hectare of land and often practise tree farming to generate income. They 
traditionally cultivate a wide range of tree species in mixed agroforestry sys-
tems, with timber production as a common objective. Farmers’ species pref-
erences largely depend on household needs and markets (Yuliyanti and 
Roshetko 2002). However, farmers and non-government organizations 
(NGOs) that support them have little access to quality tree germplasm 
(Roshetko 2001b) or control over the tree species made available to them. 
Scientists or extension services generally make the decisions: screening new 
species in on-station trials or from available literature and evaluating them 
according to biophysical criteria (Franzel et al. 1998), without considering 
markets. Farmer-designed trials and participatory evaluations are important 
ways to strengthen farmers’ role in the species’ selection and technology de-
velopment process for their specific biophysical and socioeconomic condi-
tions.  
The World Agroforestry Centre (ICRAF) and Winrock International, 
through the support of the Indonesia Forest Seed Project funded by Danida, 
initiated a project to enhance the tree-planting activities of farmers and 
NGOs by i) increasing availability and use of quality tree seed; and ii) 
strengthening technical awareness and skills of farmers and NGOs regarding 
tree germplasm collection and management. Project activities included sur-
veys and participatory appraisals; training courses and workshops; distribu-
tion of quality tree seed; production and distribution of appropriate docu-
ments to farmers and NGOs; and establishment of farmer-designed demon-
stration trials. This paper summarizes results and observations from those 
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activities that are relevant to the planting and utilization of Gmelina arborea 
by smallholder farmers in Indonesia. 
A survey was distributed to 120 NGOs and similar organizations to iden-
tify priority species, germplasm pathways, capacities and needs for enhanc-
ing smallholder agroforestry systems. A second survey of the 140 known 
tree seed suppliers in Indonesia was conducted to determine the species for 
which seed were available, source and quality of the seed, and dynamics of 
the formal tree seed sector. Farmer demonstration trials (FDTs) were de-
signed by researchers and farmers for farmers’ specific biophysical and so-
cioeconomic conditions (Roshetko et al. 2005). Farmers managed the trials, 
with advice from researchers or NGO staff. Researchers provided farmers 
and NGOs with practical guidelines for trial evaluation. This type of trial 
was an effective means to identify farmers’ species preferences and tree 
management skills, stimulate farmers’ innovation, and assess species’ per-
formance under farm conditions (Franzel et al. 1998). The evaluation of bio-
physical data was not a main objective of this type of trial, but may be possi-
ble. Seven FDTs that included Gmelina were established. The data from two 
of those trials, which were replicated and managed under a uniform design, 
are presented in the paper.  
The trial sites in Karamabura, Sumbawa and Manamas, Timor, were 
characterized by steep slopes (30–45˚), low precipitation (700–
1000 mm/year), long dry seasons (7–9 months/year), clay loam soils with 
limited potential for annual crop production, and pre-existing unmanaged 
grasslands. Trial species included short-rotation species—G. arborea, Para-
serianthes falcataria and a Eucalyptus hybrid (E. urophylla x E. grandis)—
and long-rotation species: Swietenia macrophylla and two sources of Tecto-
na grandis (a clone and a local landrace). A private company donated seed-
lings of the Eucalyptus hybrid and the T. grandis clone; seed of the other 
species originated from Central Java. At each site, three replications per spe-
cies where established at 3 x 3 m spacing. The number of trees planted per 
species varied. Each trial was about 1 hectare in size and contained approxi-
mately 1100 trees. Under supervision of NGO staff, in accordance with pro-
ject guidelines, farmers recorded tree survival and randomly selected 10 
trees per replication to measure height and basal diameter or diameter at 
breast height (dbh). Height and diameter means were compared using Tuk-
ey’s test (HSD) based on individual tree data. 
Thirty-five percent of the NGO surveys were returned. Results identified 
39 priority species, including multipurpose trees, fruit species, estate crops 
and timber species. Gliricidia sepium, Leucaena leucocephala and Callian-
dra calothyrsus were identified as priority species by 74%, 48% and 43% of 
respondents, respectively. Priority timber species were S. macrophylla (30% 
of respondents), T. grandis (26%) and P. falcataria (26%). Gmelina arborea 
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was identified by 8% of respondents, primarily in Nusa Tenggara were the 
trials where established. Access to seed was identified as a universal prob-
lem. No respondents had direct access to improved quality seed. Respond-
ents collected or purchased 75% of their seed from local sources of unknown 
genetic or physiological quality. The remaining 25% was donated by devel-
opment organizations, technical agencies, or universities. NGO staff, farmers 
and local seed dealers were unfamiliar with proper seed collection guide-
lines. 
Thirty-one percent of the seed dealer surveys were returned. Seed of T. 
grandis, S. macrophylla and P. falcataria were stocked by 57% of dealers; 
G. arborea by 45%; and G. sepium, L. leucocephala and C. calothyrsus by 
36%. Of the dealers who supplied G. arborea seed, 45% were located in 
Wonogiri, Central Java, or Ponorogo, East Java (separated by only 75 km); 
another 35% collected G. arborea seed from stands of Wonogiri–Ponorogo 
origin. Most of the G. arborea dealers (85%) collected seed predominantly 
from industrial or farm plantations of undocumented origin. Large quantities 
of this undocumented seed were sold to various customers throughout the 
country. Only three dealers (15%) collected seed from seed production areas 
or seed stands, all of which were located in South or East Kalimantan. The 
seed from these sources were primarily sold to the forestry industry and gov-
ernment agencies.  
Growth and survival data for the trials are presented in Tables 1 and 2 
(IV). The survival of most species was 81 to 100%; survival of G. arborea 
averaged 99.5%. The survival of P. falcataria was only 61%. Of the short-
rotation species, G. arborea showed superior height and diameter growth 
during the initial 6-month period. After 21 months, both P. falcataria and the 
Eucalyptus hybrid demonstrated greater height growth. Of the long-rotation 
species, the T. grandis clone demonstrated superior height and diameter 
growth after 21 months, followed by local T. grandis (land race) and S. mac-
rophylla, respectively. 
3.5 Optimum pruning strategies for reducing crop suppression in a 
Gmelina-maize smallholder agroforestry system in Claveria, Philip-
pines. Agroforestry Systems 83:167–180 (Study V).  
 
For the past three decades, the integration of fast-growing timber trees in 
smallholder farming systems has been promoted in the Philippines to diver-
sify farm output and produce timber for household use and sale. As a result, 
smallholder timber is now an important source of raw materials for the local 
timber industry and income for smallholders. A unique advantage of small-
holder tree production is the practice of intercropping, where the manage-
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ment practices associated with annual crop production (annual soil cultiva-
tion, weeding and fertilizer application) improves tree survival and growth 
(Kapp and Beer 1995, Garrity et al. 1997). Intercropping trees with annual 
crops also provides direct financial benefits by reducing tree establishment 
and management costs by half compared to tree plantations (Nissen et al. 
2001, Jordan et al. 1992). 
However, intercropping with timber trees frequently reduces understorey 
crop production as a result of competition for both above- and belowground 
resources (Ong et al. 1996). With few exceptions, the timber species com-
monly promoted for farm forestry were reported to depress yields of associ-
ated annual crops, which generally require full sunlight (Leiva and Borel 
1994, Okorio et al. 1994, Ahmed 1989, Malik and Sharma 1990, Saxena 
1991). In the humid tropics where soil water and nutrients are freely availa-
ble, and fertilizer use is common, light availability is often the most limiting 
factor to production of understorey annual crops (Ong et al. 1996). Branch 
pruning effectively reduces light interception by trees, thus prolonging the 
period of intercropping (Watanabe 1992, Miah 1993, Gonzal 1994). Farmers 
often practise intensive branch pruning to reduce tree–crop competition as 
well as to improve tree shape (IV; Bertomeu 2004). While intensive pruning 
benefits understorey crop production, it may reduce the profitability of tree 
farming by reducing tree growth and final timber yields (Smith 1962, Miah 
1993, Gonzal 1994). 
On-farm trials were conducted in Claveria, Philippines, to investigate the 
effect of pruning on maize yield, tree growth and farmers’ financial returns. 
Soils in Claveria were deep oxisols, clays to silty clay loams, with pH of 
3.9−5.2, low available phosphorus, low cation exchange capacity, high alu-
minium saturation and low exchangeable potassium (Magbanua and Garrity 
1988). Annual rainfall is 2500 mm with a short dry season from March to 
April (Kenmore and Flinn 1987). Temperatures vary from 28.6 °C to 
21.3 °C. The average farm size was 2.5–3 hectare, comprised of two or more 
parcels. Maize was the dominant crop, cultivated twice a year or in rotation 
with cassava or upland rice. Typically, a rainy season crop was planted in 
May, followed by a dry season crop in September or October. 
The trial was established in a randomized, complete block design with 
four treatments and four replications, established on two farms (two replica-
tions per farm). Treatment plots were 300 m2 (15 x 20 m) containing three 
lines of Gmelina planted at 1 x 10 m (1000 trees per hectare) with 16 trees 
per line (48 trees per plot), and 15 rows of maize planted for six cropping 
seasons in each of the 10 m-wide alleys. Four pruning intensities were test-
ed: 1) T1 (control): retaining a live crown ratio (LCR) of 60–70%; 2) T2: re-
taining a LCR of 40–50%; 3) T3: retaining a LCR of 30–40%; and 4) T4: re-
taining a LCR of 20–30%. Maize grain yields were measured row by row for 
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each cropping season. Dbh and total tree height were measured twice a year 
until trees were 42 months old. The financial net benefits of the maize-
Gmelina agroforestry system under the four pruning regimes were assessed 
by land expectation value and net returns to labour. Further details regarding 
site characteristics, trial establishment, trial management, data collection and 
analysis are provided in the full paper (V). 
Compared to the first year (crop 1 and 2), maize production in the third 
year (crop 5 and 6) was substantially reduced at both sites due to competition 
from Gmelina. Crop 1 was around 50% larger than crop 5 at both sites, 
whereas crop 2 was 30–34% higher at site 1 and 37–54% higher at site 2 
than crop 6. This reduction in maize production as trees grew occurred in all 
treatments, being most pronounced under T4. Differences in grain yield be-
tween T1 and T4 were clearly significant after the first year (except in crop 6 
at site 2). In the second year (crop 3 and 4), maize grain yield under T4 was 
around 23–52% higher at site 1 and 20% higher at site 2 than under T1. In 
the last year (crop 5 and 6), maize grain yields in T4 at both sites were 30–
40% greater than under T1 (V; Table 3). Throughout the trial, the pattern of 
maize grain yields across alleys conformed to a bell-shaped curve, with 
yields differing significantly (p < 0.05) between pruning regimes and with 
distance from the tree line (V; Table 4). The bell-shaped curve became less 
pronounced with time. During the first year, yields under pruning regime T4 
were generally greater compared to other treatments; differences were irreg-
ular, probably due to the variability of soil conditions within the trial sites. 
Only the yield of the first maize row under T4 (398 g lm-1) was significantly 
different from that of T1 (272 g lm-1). In the first year, differences in grain 
yield between T4 and T1 ranged 5–14% in rows 7 and 9 (centre of the alley) 
up to 32% in row 1. Under all pruning regimes, grain yields from the rows 
next to the trees (rows 1 and 15) were significantly different from yields in 
the middle alleys (rows 5 to 10). Maize grain yield under each pruning 
treatment showed that the wet season crop was consistently greater than that 
of the dry season crop (V; Table 5). In the first year, no statistical differences 
(p < 0.05) in maize grain yields were detected. As trees grew, grain yield un-
der T4 became significantly greater (p < 0.05) compared to those under T1. 
The cumulative difference in grain yield between T1 and T4 over the six 
cropping seasons was 3.58 t ha-1.  
Tree diameter increment was greatest under pruning regime T1 and least 
under T4 (V; Fig. 1). The effect of pruning on tree diameter increment was 
statistically significant (p < 0.001) only in site 1 during the 18–24 month and 
30–36 month periods (V; Table 6). At site 2, trees under T1 consistently 
showed greater diameter increment than all other treatments. However, dif-
ferences were not statistically significant, probably due to variable soil con-
ditions within the sites. This assumption was supported by analysis that 
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demonstrated the site–treatment interaction at site 2 was highly significant 
(V; Table 6). Pairwise comparisons of treatment means showed that the dif-
ference in mean annual increment (MAI) between T1 and T4 was statistically 
significant at both sites and in all periods except at site 1 during the 36–42 
month period. Comparisons between T2 and T4 showed that differences in 
MAI were significant only at site 1 during the 18–24 and 30–36 month peri-
od, and at site 2 during the 36–42 month period (V; Table 6).  
Diameter MAI was greatest for trees under moderate pruning (T1). At site 
1, diameter MAI was 4.6 cm for pruning regime T1, 4.5 cm for T2, 4.1 cm for 
T3 and 3.8 cm for T4. At site 2, diameter MAI was 5.4 cm for pruning regime 
T1, 4.9 cm for T2, 4.8 cm for T3 and 4.4 cm for T4. Mean maize grain yield 
was highest under the T4 pruning regime, with an average difference be-
tween T1 and T4 of 0.56 ton ha-1 at site 1 and 0.63 ton ha-1 at site 2 (V; fig. 2 
and 3). There was no significant difference in tree height increment between 
treatments throughout the trial period. There was, however, a significant dif-
ference (p < 0.001) in tree height increment between sites, with site 1 having 
a greater increment, probably as a result of differences in soil properties. No 
significant difference was found in stem shape between treatments. About 
50% of the trees assessed over all treatments had crooked stems, around 46% 
had medium stem shape, whereas only 4% were rated as excellent in shape.  
The results of the financial assessment showed that for a 15% discount 
rate, moderate tree pruning regimes (T1 and T2) were more profitable than 
intensive pruning regimes (T3 and T4) if the difference in average dbh at the 
end of the rotation was 2 cm (11% difference in timber yield) (V; Table 7). 
However, in all scenarios pruning regime T4 showed the highest returns to 
labour, indicating that higher maize yields compensated for lower timber 
yields. The return to labour for T1 (at a 15% discount rate) would be equal to 
that of T4, only if dbh at harvest for T4 was 24 cm (a difference of 6 cm), 
which is equivalent to a timber yield of 50 m3 ha-1. The results of this study, 
however, did not evidence such a large difference in dbh between trees under 
T1 and T4. 
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4. INTEGRATING DISCUSSION  
4.1 Generation of carbon-stock inventory data for representative Indo-
nesian homegarden systems to demonstrate that smallholder agroforest-
ry systems can serve global environmental goals by targeting them for 
increased carbon storage (Objective 1).  
 
Smallholder tree farming systems are diverse. They vary greatly in size, spe-
cies components, tree density, tree age (size), longevity, and management 
intensity (of both the tree and annual crop components). Depending on local 
needs and opportunities, systems may focus on tree crops, agricultural crops, 
livestock, or a combination. Homegardens are a common smallholder system 
found throughout the tropics (Fernandes and Nair 1986, Nair 1989). Study I 
demonstrated that, depending on tree density, the aboveground biomass 
(primarily trees) of young homegarden systems (average age 13 years) con-
tained an equivalent of 260–1180 trees ha-1, which was, on average, 33% of 
the total carbon in the system. A study in an area neighbouring the Study I 
site reported that the tree biomass of 30-year-old agroforests and secondary 
forests accounted for 60–65% of total carbon and tree biomass while 120-
year-old natural forests accounted for 80% (Tomich et al. 1998). In terms of 
carbon sequestration, systems with young trees, like the homegardens in 
Study I, continued to accumulate carbon steadily for a long time. The carbon 
content of homegardens in Study I compared favourably with that of five 
other common landuse systems in the area: mature agroforests, secondary 
forests, young rubber agroforests, Imperata grasslands, and cassava systems 
(Hairiah 1997). The homegardens contained 34.7 Mg C ha-1 more (58 times 
greater) than Imperata systems and 21 Mg C ha-1 more (1.5 times) than 
young rubber agroforests. Mature agroforests and secondary forests con-
tained higher carbon stocks than homegardens, by 66 Mg C and 51 Mg ha-1, 
respectively, owing to the young trees in the homegardens. As homegarden 
systems grow older, their carbon stocks can be expected to equal or surpass 
those of similarly aged other systems. Like other agroforestry systems, 
homegardens also provide food, other products, and income for farm fami-
lies (Fernandes and Nair 1986, Nair 1989).  
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4.2 Identification of the types of agroforestry systems that are appro-
priate for carbon storage, the types of technical assistance that will en-
hance smallholder agroforestry systems, and the types of enabling con-
ditions that favour smallholder benefits and carbon-project success (Ob-
jective 2).  
 
Study II expanded the focus of Study I to include all smallholder agroforest-
ry systems. Based on the characteristics stated in the second sentence of the 
previous paragraph, smallholder systems were grouped into the following 
eight categories: agroforests, tree gardens, plantations, improved fallows, 
rows or scattered trees, livestock systems, community forests, and assisted 
natural regeneration. This classification is similar to the landuse systems 
suggested for carbon project appraisals by other authors (Smith and Scherr 
2002, MOE 2003). A description of each smallholder agroforestry system 
category and characteristics are given in Table 6. The classification in Study 
II emphasizes tree density, longevity of the tree component, and products 
from the systems. Not all smallholder agroforestry systems hold the same 
potential for carbon storage. Systems with greater tree density and longer 
maximum age of the tree component have greater carbon storage capacity or 
potential. Agroforests, tree gardens, plantations, and community forests gen-
erally have high tree density and longevity of the tree component. An analy-
sis of literature (I, Tomich et al. 1998, van Noordwijk et al. 2002) yielded 
the following indicative carbon stock potential: 350 Mg ha-1 for agroforests, 
forest tree gardens, and community forests (age +60 years); 300 Mg ha-1 for 
timber plantations (+40 years); 240–280 Mg ha-1 for homegarden systems 
(+60 yrs); 200 Mg ha-1 for rubber gardens (+30 yrs); 190 Mg ha-1 for rubber 
plantations (+25 yrs); 180 Mg ha-1 for oil palm plantations (+20 yrs); 160 
Mg ha-1 for coffee gardens (+25 yrs); 100 Mg ha-1 for coffee plantations 
(+25 yrs). Studies I and II noted that systems of the same age and tree densi-
ty may have lower carbon stocks if they contain a significant number of low-
biomass, but economically important, species such as banana and coconut. 
The analysis found that scattered-tree systems and livestock systems have 
low potential for carbon storage. Improved fallows, intercropping and assist-
ed natural regeneration are transient systems that can be used to establish 
tree-based, smallholder agroforestry systems and thus might be part of a car-
bon investment strategy rather than a target system themselves.  
Most smallholder farmers prefer systems that produce a variety of both 
wood and non-wood products as a means of securing tree products for 
household use, generating income and limiting risk. Clearly most of the 
aboveground carbon stock in any smallholder agroforestry system is found 
in the tree component. Most non-wood products—fruits, vegetables, spices, 
oils, etc.—are harvested with negligible impact on the carbon stock of the 
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system. In contrast, the removal of wood biomass, especially timber, has a 
significant negative impact on a system’s carbon stocks. However, a limited 
amount of timber can be harvested from smallholder agroforestry systems 
and still achieve appreciable carbon sequestration. This is particularly true of 
smallholder systems that include a mix of tree species types. Analysis based 
on the smallholder systems of Study I demonstrated that 20–40% of the 
growing stock can be harvested for timber at year 20, while the system still 
accumulates additional carbon. The projections estimated aboveground car-
bon stocks of 236.1 and 199.7 Mg ha-1 for 20% and 40% timber harvests, re-
spectively (Table 6). Those stocks are 231.6 Mg ha-1 (52.6 times) and 195.3 
Mg ha-1 (44.4 times) greater than the carbon stock of the Imperata grass-
lands/agricultural fallow systems (4.4 Mg ha-1) (Palm et al. 1999), which 
would be targeted for conversion to smallholder agroforestry in a carbon in-
vestment scheme. These projections are fair, as they are similar to the 
aboveground carbon stocks of 60-year-old community forests: 228–246 Mg 
ha-1, assuming aboveground carbon is 65–70% of total carbon (Tomich et al. 
1998). Actually, it is more likely that smallholders would employ periodic, 
rotational harvesting, maintaining higher carbon stocks than projected. This 
analysis demonstrated that smallholder systems can sequestrate carbon while 
also producing timber. 
Besides the aboveground (tree) biomass, soils can also contain an appre-
ciable amount of an agroforestry system’s total carbon. Generally, the abso-
lute amount of soil carbon stored in a system increases slowly with time. 
However, the portion of the system’s total carbon stock in the soil decreases 
with time as the tree component grows. The original level of soil carbon is 
an important baseline that needs to be maintained, as a loss in soil carbon 
negatively affects a system’s total carbon stock and soil health affects tree 
growth/productivity. Cleaning, weeding, burning and relocation of biomass 
are common management practices that lead to steady loss in soil carbon 
when practised to excess. Caution is required. Intercropping with annual 
crops should be limited to the first 1–3 years after the establishment of an 
agroforestry system and management practices should control soil erosion 
and maintain/return biomass to the soil. Model simulations indicate that 
these soil management practices can maintain, and possibly increase, soil 
carbon levels, soil nutrient levels and system sustainability (Wise and Cacho 
2002).  
 
  
32 
 
 
Table 6. Projection of aboveground carbon stocks for homegarden systems, assum-
ing current (age 13 years) aboveground carbon stocks of 59 Mg ha-1, with 60-year 
maximum age, and a timber harvest in year 20. 
Species component Species % of 
homegarden 
Current 
aboveground 
carbon stock 
(Mg ha-1) 
Maximum/ 
current age 
(years) 
Maximum  
aboveground 
carbon stock 
(Mg ha-1) 
at 60 yrs 
Example 1     
Non-timber species:  
Maximum age of 60 years 
60 35.4 60/13 163.4 
Timber species: 
Rotation age of 20 years 
40 23.6 20/13 36.3 
Total  
100 
 
59.0 
  
199.7 
     
Example 2     
Non-timber species: 
Maximum age of 60 years 
80 47.2 60/13 217.9 
Timber species: 
Rotation age of 20 years 
20 11.8 20/13 18.2 
Total  
100 
 
59.0 
  
236.1 
 
Study II showed that to achieve appreciable carbon storage, smallholders 
should convert low-biomass, underutilized landuse systems into agroforestry 
systems that maintain high tree density of species that are managed for long 
rotations and avoid the loss of soil carbon. It may also be beneficial to limit 
the number of low-biomass species, such as coconuts and bananas, but must 
be balanced with farmers’ livelihoods and market objectives and opportuni-
ties.  
Carbon is a new and mysterious product for smallholder farmers, even 
less tangible than other environmental services, such as watershed protection 
or biodiversity conservation. Farmers must feel confident that they will ben-
efit from their efforts. The agroforestry systems developed to achieve carbon 
storage must be socially and economically viable independent of carbon 
payment and not be intended solely to provide society with carbon sequestra-
tion services. Agroforestry systems that provide tangible socioeconomic 
benefits are less likely to be converted to other landuse systems. The study 
recommended that farmers receive a carbon payment for tree cultivation to 
promote transparency as well as farmers’ understanding of the services their 
agroforestry system provide. However, any income received from carbon 
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payments should be treated as an additional return for the service. This ap-
proach would help protect smallholders from project or market failure. With-
in the domain of economically viable agroforestry systems, clear opportunity 
exists for smallholders to select management practices that lead to higher 
carbon stocks at the system level.  
An analysis of carbon sequestration and watershed protection projects in 
Latin America by Grieg-Gran et al. (2005) determined that direct payment 
(cash income) for carbon services was important to family income. Compen-
sation varied from up-front payments per hectare to annual payments per 
hectare for tree system maintenance, which could vary by system type. 
Smallholder families realized larger financial benefits from the sale of prod-
ucts, including timber, produced in the tree-based systems established 
through the projects. Assisting families with system establishment enhanced 
success. The authors recognized that in order for positive income and other 
benefits to occur, efforts were required to reduce smallholders’ transaction 
costs, remove access and policy restrictions, and balance the interest of the 
project with those of participants. Other authors have also identified such 
concerns (Murdiyarso 2005, Boyd et al. 2007, Perez et al. 2007, Peskett et al. 
2011). These issues are addressed below.  
As described above and in the introduction, smallholder agroforestry sys-
tems are viable options for enhancement of livelihoods and carbon storage. 
However, they have not developed equally in all areas. There are number of 
factors that might restrict the development of smallholder agroforestry. 
Many farmers have little experience with intensive tree planting or market-
ing tree products and little access to technical information and germplasm. 
Besides a shortage of forests and market demand for tree products, the fol-
lowing factors have strong bearing on the successful development of small-
holder agroforestry systems: i) secure land tenure and landuse conditions; ii) 
supportive policy conditions; iii) access to, and knowledge of, the manage-
ment of quality germplasm; iv) tree management skills and information; and 
v) adequate market information and links (II, Roshetko et al. 2007b, 
Roshetko et al. 2004b). The first two factors, i.e. land tenure and policy sup-
port, are basic enabling conditions required to facilitate the development of 
smallholder systems and are discussed below under stable and enforceable 
rules and access to land and trees. 
The other three factors of quality germplasm, tree management and mar-
ket links are technical issues that can be effectively addressed at the local 
level by government extension agencies, non-government organizations, 
farmers’ organizations and/or individual farmers, once the enabling condi-
tions are satisfied (Roshetko et al. 2007b). Scientific research is an important 
means to compile and generate specific tree management technology for 
smallholders’ conditions and could not be generated by farmers. Examples 
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include studies on the alder-based cardamom agroforestry systems in eastern 
Himalaya, India (Sharma et al. 2008); how to convert Imperata grasslands, 
which develop from fallowed agriculture land and degraded forests; and 
smallholder tree-farming systems in Indonesia and the Philippines (de Fores-
ta and Michon 1997, van Noordwijk et al. 2008).  
Also, efforts should be made to link smallholders with sources of quality 
tree germplasm and technical support to effectively manage agroforestry sys-
tems, including farmers’ nurseries (Simons et al. 1994, Harwood et al. 1999, 
Gunasena and Roshetko 2000, Tolentino et al. 2001). This should include 
the implementation of training activities, links with effective institutional 
technical support, and the development of a cadre of ‘farmer specialists’. 
Training and participatory nursery development are proven methods of 
building farmers’ awareness, leadership, and technical skills, as well as in-
dependence regarding germplasm quality, production and management ca-
pacity (Koffa and Roshetko 1999, Koffa and Garrity 2001, Carandang et al. 
2006, Roshetko et al. 2008b). Specifically, the development of farmer-to-
farmer extension capacity is an important step towards helping local com-
munities to create viable smallholder agroforestry systems (Roshetko et al. 
2007b, Roshetko et al. 2012). Finally, as farmers generally have poor under-
standing of, and links to, markets (Hammett 1994, Arocena-Fransico et al. 
1999, Roshetko and Yuliyanti 2002, Holding-Anyonge and Roshetko 2003, 
Tukan et al. 2006, Fonsah et al. 2008), the development of accessible mar-
kets for tree products is a vital to the evolution of successful smallholder sys-
tems (Scherr 1999 and 1995, Potter and Lee 1998, Landell-Mills 2002, 
Fonsah et al. 2008).  
Smallholder investment in trees is one component of their overall landuse 
and livelihoods’ systems. They are not likely to be solely interested in car-
bon storage for public benefit. Additionally, some efforts to achieve in-
creased carbon storage in landuse systems may have negative implications 
for rural residents, particularly the poor, by restricting access to land or bind-
ing communities to long-term landuse management practices that do not 
meet their socioeconomic needs. Starting with the initial findings of Study I, 
Study II reviewed relevant literature—including lessons learned from other 
environmental service projects, tree-based development projects and timber 
outgrower schemes—to identify the enabling conditions that favour benefits 
for smallholders from carbon projects: integrated planning and project  
design; establishing clear, stable and enforceable rules of access to land and 
trees; managing high transaction costs; and ensuring dynamic flexibility for 
co-generating other environmental services. A summary of the analysis of 
each factor is provided below.  
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Integrated planning and project design: adequate food security, off-farm 
employment, sufficient household labour, higher education levels, land ac-
cess, supportive policies and lower risks have all been correlated to success-
ful tree-planting activities. Efforts should be made to identify the communi-
ty’s development priorities, particularly those related to agricultural produc-
tivity, even if formal priorities do not exist. A project might not be able to 
assist with infrastructure, health care or education but it should be aware of 
those issues, avoid being an impediment and, if possible, provide direction to 
possible support. Providing support to strengthen community institutions and 
leadership can be achieved through agroforestry activities. That type of 
community capacity building may be the most significant contribution to the 
development of viable smallholder agroforestry systems.  
Establishing clear, stable and enforceable rules and access to land and 
trees: secure land/tree tenure and supportive policies are prerequisite for the 
development of spontaneous or project-based smallholder tree farming sys-
tems. Farmers’ tree-planting activities are based on vested self-interest. 
Therefore, without guaranteed rights broad-scale establishment of small-
holder agroforestry systems will not occur. Tenure rights must be part of a 
wider process that addresses communities’ development needs and not just 
as a ‘carrot’ to encourage people to plant trees. Developing supportive tenure 
and policy conditions requires broad-based negotiations that include partici-
pation from local, regional and national governments, the private sector and 
community organizations.  
Managing high transaction costs: most community-oriented tree-planting 
and carbon projects involve various types of partners and large numbers of 
farmers. The objectives and activities of the project, as well as the responsi-
bilities and benefits of each party, should be clear and determined through 
negotiation. Project terms should be equitable, realistic and formalized. 
Communication should be open. Such projects are likely to have high trans-
action costs due to i) making information accessible to multiple partners; ii) 
facilitating and/or enforcing agreements; and iii) implementing monitoring 
systems. To help manage high transaction costs, the authors suggested that 
smallholder-oriented projects be combined with other development or re-
search activities as a means of expanding the required funding base. What 
combination of financial resources is required and how these resources are 
allocated to cover costs and incentives is best determined at project level. 
While these mechanisms are promising, however, to date there has been little 
experience of the implementation and operational costs of smallholder-
oriented carbon projects (Tomich et al. 2002). The subsequent challenge is to 
gain experience in the operation of smallholder-oriented projects and devel-
op mechanisms that reduce these costs.  
36 
 
 
Ensuring dynamic flexibility for co-generating other environmental services: 
the development of smallholder agroforestry systems generate tree products, 
carbon storage and other environmental services, such as biodiversity con-
servation and watershed conservation. These services generate benefits to 
different sectors of society and may warrant payments to reduce scarcity and 
ensure sustainability. Markets for these services remain in various stages of 
development and most are intended to benefit smallholders. Pro-poor pay-
ments for landscape amenities (for example, eco-tourism) and watershed 
services require the same enabling conditions that were discussed for carbon 
markets above. Hence, the design of tree planting and/or carbon projects 
needs to be flexible to allow for the generation of multiple products and ser-
vices by the smallholder systems.  
4.3 Evaluation of the issues of ‘additionality’, ‘leakage’ and ‘perma-
nence’ from the point of reference of smallholder agroforestry systems 
and carbon projects (Objective 3).  
 
Additionality, leakage and permanence are three issues relevant to the ques-
tion of smallholder agroforestry systems for carbon projects. Additionality 
requires that carbon stocks accrued to a carbon project are ‘additional’ to 
those that would occur without the project. The following conditions indicate 
that the carbon accrued to smallholder agroforestry projects would be addi-
tional. As established in the introduction of this thesis, over the last 10 years 
Asia has begun to expand its forest cover. But this achievement is primarily 
due to the efforts of China, India, Thailand and Vietnam. Other countries in 
the region continue to lose forest cover; and have large areas of land in need 
of rehabilitation (FAO 2010, FAO 2011). Studies I and II and related work 
(Roshetko et al. 2007b, Roshetko et al. 2004b) established that a minimum 
threshold of technical support and enabling conditions are required to make 
smallholder agroforestation possible and that those conditions do not yet 
widely exist. Certainly, support that facilitates smallholder agroforestation of 
degraded lands would qualify for carbon credits.  
Leakage is the loss of carbon, primarily as woody biomass, in non-project 
areas owing to changes in landuse practices resulting from activities within 
the project area. The conversion of low-biomass (carbon) degraded land-
scapes to smallholder agroforestry systems is not likely to cause significant 
leakage from other landscapes, particularly when degraded lands are com-
mon. For example, Study I argued that the rehabilitation of Imperata grass-
lands would not result in the loss of carbon elsewhere because those grass-
lands, and other degraded land, are currently underutilized and abundant. In 
fact, agroforestation of low-biomass ecosystems may provide ‘negative leak-
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age’ by preventing deforestation or forest degradation through the establish-
ment of on-farm sources of trees (Smith and Scherr 2002, Sanchez 1994, 
Schroeder 1994).  
Permanence concerns the longevity and stability of carbon stock. Carbon 
stocks in any landuse system, although theoretically permanent, are poten-
tially reversible through human activities and environmental change, includ-
ing climate change (Brown et al. 2001). By comparison, the permanence of 
emission avoidance/reduction through the energy sector is not at risk. Study 
II established the advantages and disadvantages of carbon projects related to 
conservation, industrial forestry, and smallholder systems. Conservation pro-
jects were identified as permanent carbon storage protected by legal, politi-
cal and social action. However, at the time of the study, averted deforestation 
projects were not eligible for carbon credits. Industrial forestry was 
acknowledged as reliably sequestering large quantities of carbon through 
woody biomass production, but their rotational establishment/harvesting 
production system was neither permanent nor additional. Smallholder sys-
tems were recognized as challenging owing to high transaction costs related 
to the large numbers of farmers who would be involved in any project and 
the services required to help those farmers develop viable agroforestry sys-
tems. Studies I and II contended that the tree-rich, diversified, economically 
oriented systems smallholders established provided secure livelihoods’ bene-
fits to communities. Additionally, smallholders’ flexible land management 
practices were a strength that allowed farmers to adapt their agroforestry sys-
tems to fluctuating markets or other socioeconomic conditions. Tree cover 
might fluctuate at the farm level but at the community or project level tree 
cover would continue to expand under the supportive influence of the ena-
bling conditions discussed above. As they are often established on degraded 
low-carbon landscapes, smallholder systems would continue to store and ac-
cumulate carbon for 20–50 years (Watson et al. 2000).  
4.4 Identification of ‘genetic level’ responses by trees to environmental 
change in the specific context of smallholder agroforestry systems and 
how that knowledge can be translated into action to better manage tree 
genetic resources in smallholder farms for more productive and sustain-
able environmental management (Objective 4). 
  
Studies in both temperate and tropic regions report the rate of migration re-
quired for plant species to keep up with the temperature and rainfall trans-
formation caused by anthropogenic climate change greatly exceed the natu-
ral migration rates of plants (Pearson 2006, Malcolm et al. 2002). The con-
version of forests to annual crop systems further impedes natural migration 
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by creating barriers between fragmented forest populations. The reestab-
lishment of trees in these agricultural landscapes reconnects these popula-
tions, enabling forest ecosystems to better respond to climate change 
(Bhagwat et al. 2008, Thuiller et al. 2008). Study III presents the case that 
agroforestry ecosystems facilitate the translocation of germplasm in ways 
not possible in natural ecosystems. ‘Facilitated translocation’ involves hu-
man movement of tree seed and seedlings, associated micro-organisms and 
animal pollinators from existing to new sites of human occupation 
(Guariguata et al. 2008, MacLachlan et al. 2007). In the past, human-
facilitated translocation of germplasm occurred formally and informally, by 
individuals and organizations, but was frequently not well-documented. 
Fundamental to the use of human-facilitated translocation as a response to 
climate change is an understanding of global circulation models (GCMs) that 
predict temperature and rainfall transformation resulting from anthropogenic 
climate change. GCMs are complicated, with predictions differing between 
models. Combining these predictions with an understanding of current spe-
cies’ distribution will inform where and how species translocation should 
occur.  
Three interventions that can assist with facilitating species’ transfor-
mation are i) tree-species matching and genetic variation; ii) exchanging 
germplasm between countries; and iii) delivering site-matched germplasm to 
smallholders. There is significant variation among populations of any spe-
cies, with locally sourced germplasm often performing well, as reported for 
Gmelina in Indonesia in Study IV. Most of our understanding of species’ 
population-level performance under smallholder conditions has been gener-
ated in field trials that did not consider the effect of anthropogenic climate 
change. A small number of recent trials have been designed and established 
with climate change in mind (Sanou et al. 2007, Weber et al. 2008, Sotelo-
Montes and Weber 2009). More of such trials are needed on a wider range of 
priority species, sampling germplasm from a wider environmental range, and 
sharing results with a broad set of partners across the range of priority spe-
cies.  
As we adjust to the geographic shift in future climate conditions, sharing 
not only information but germplasm will become increasingly necessary 
(Vinceti et al. 2009). Between-country sharing (translocation) of germplasm 
for research and production is becoming more difficult and costly as nations 
seek to conform to commitments under international conventions. New ap-
proaches will be required to facilitate translation of promising germplasm 
between nations.  
At national levels, the formal tree germplasm sectors (including national 
tree seed centres) primarily link government agencies, research organiza-
tions, and the private plantation sector. Experience indicates that national 
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tree seed centres and other institutes at the national level are ineffective at 
providing quality tree seed to farmers and local organizations (Harwood et 
al. 1999, Graudal and Lillesø 2007). An informal seed sector often evolves 
to serve local seed users/customers (Koffa and Roshetko 1999, Harwood et 
al. 1999, Roshetko et al. 2008b). Local seed sector enterprises are usually 
operated at low cost by farmers and effectively serve the needs of local 
communities (Muriuki 2005). Both the formal and informal seed sectors 
serve vital roles. To assure that site-matched germplasm of priority species is 
delivered to farmers and local organizations, it is necessary to develop effec-
tive mechanisms that link the national formal tree seed sector with local in-
formal ones.  
Study III recognizes that the testing and adaptation of local germplasm to 
changing environmental conditions is an alternative to translocation of ge-
netic material. This option is based on the common finding that local 
germplasm often performs well, demonstrating adaptation (micro-evolution) 
to local environmental conditions. However, the study also acknowledges 
that on-farm tree populations commonly share a number of disadvantages 
related to local adaptation. Theoretically, populations with higher effective 
population size have a greater potential for local adaptation. Related charac-
teristics include high census numbers, high genetic diversity, outcrossing 
breeding, high seed yields, and pollen and seed that can be dispersed over 
long distances. This is supported by the concept of ‘sustainagility’, where 
agrobiodiversity at the gene- and species-levels makes landscapes more 
adaptable to future climate change (Jackson et al. 2007, Jackson et al. 2010). 
Many on-farm tree populations have low genetic diversity compared to natu-
ral populations (Dawson et al. 2009) because they are composed of a limited 
number of trees originating from a single introduction of germplasm of a 
narrow collection (Lengkeek et al. 2005a, Kindt et al. 2006). A related prob-
lem can occur if the best seed is intensively harvested for other uses, result-
ing in limited natural regeneration (Raebild et al., 2011) from unselected 
seed which may represent undesirable genetic material. Additionally, from a 
breeding point of view, tree populations on individual farms are often isolat-
ed. These characteristics limit genetic diversity and lead to inbreeding. Con-
cerns regarding the limited size of on-farm tree populations are further exac-
erbated by climate change, which effects the life cycles of both the tree pop-
ulations and their pollinators (NRC 2007, Parmesan 2007, FAO 2008a). For-
tunately, practical measures exist that can increase effective on-farm tree 
population size. Key recommendations include farmer-to-farmer seed ex-
change (Lengkeek 2003, Roshetko et al. 2004c, Mulawarman et al. 2004) 
and the distribution of tree seed of priority species of known quality genetic 
source. Additional recommendations are the protection and promotion of 
pollinators (FAO 2008a), protection and promotion of on-farm natural re-
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generation, and training of farmers in appropriate tree seed collection and 
management methods (Dawson et al. 2009, Mulawarman et al. 2003).  
Another option is the utilization of tree species (varieties or provenances) 
of high plasticity that perform well under a broad range of environmental 
conditions without genetic change (Gienapp et al. 2008). Evidence suggests 
that over the last few centuries humans have selected and promoted relative-
ly plastic exotic species that grew well under various biophysical and socio-
economic conditions (Koskela et al. 2009). Success in one or more locations 
resulted in those species being introduced and promoted to a greater number 
of locations. Examples of plastic tree species include Gmelina arborea (the 
focus of studies IV and V), various Eucalyptus species, and fast growing 
multiple-use leguminous genera Acacia, Leucaena, Gliricidia and Callian-
dra, all of which are widely planted and utilized outside their native range 
under various environmental conditions (Roshetko 2001a). Such species are 
likely to perform well in the varying temperature and rainfall conditions an-
ticipated under global climate change scenarios. Many indigenous species 
are not likely to have evolved the genetic diversity to cope with climate 
change, as they have a restricted distribution with a narrow range of climates 
and have not adapted to a range of various conditions. Characteristics of 
many plastic exotic species are fast growth and high competitiveness for wa-
ter, light and nutrients. They may be considered weeds, out-compete and 
threaten to displace indigenous species. The utilization of plastic exotic spe-
cies as a means to adapt to climate change should be combined with efforts 
to identify and improve the plasticity of valuable indigenous species.  
4.5 Evaluation of the cultivation and utilization of Gmelina arborea as a 
viable species for smallholder tree farming in Indonesia (Objective 5). 
 
Gmelina arborea is easy to cultivate and widely grown in South and South-
east Asia. In Study IV, Gmelina was identified as a common component of 
government planting programs and industrial plantations in Indonesia, but 
not in smallholder systems. By contrast, Gmelina was widely and successful-
ly planted by farmers in the Philippines at that time. In their agroforestry 
systems, smallholders in Indonesia commonly cultivated multiple species on 
0.25–1.0 ha of marginal or degraded agriculture land. The tree component 
included timber, fruit, multipurpose species, and commodity crops (rubber, 
cacao, rubber etc). Annual crops were usually intercropped for 2–3 years af-
ter tree establishment. Subsequently, shade-tolerant crops might be cultivat-
ed in the understorey. Both long-rotation, premium-value timber and short-
rotation timber species are planted by Indonesian smallholder farmers. Para-
serianthes falcataria is a common short-rotation smallholder timber species 
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in Indonesia (I, Manurung et al. 2005, Hariri et al. 2002). Gmelina also 
seems appropriate for smallholder agroforestry systems in Indonesia. How-
ever, Study IV found that Gmelina was not popular with farmers or NGOs 
and the Gmelina germplasm suppliers primarily target government agencies 
and the forestry industry. Experience with Acacia mangium indicated that 
Gmelina could become popular with farmers if trials demonstrated Gmelina 
performed well under farmers’ conditions and if timber markets were to be-
come accessible. 
In the trials of Study IV, Gmelina demonstrated excellent survival and 
growth under farmers’ conditions of low management and no fertilizer 
amendments on good-to-fair sites but performed poorly on degraded sites. 
This agreed with smallholder experiences in the Philippines (Bertomeu 
2004). Gmelina performed well compared to Paraserianthes falcataria and a 
Eucalyptus hybrid, the other fast-growing, short-rotation timber species in 
the trial. Gmelina demonstrated better survival and diameter growth while 
the other species had better height growth. Farmers participating in the trials 
selected narrow tree spacing—4 x 2m to 3 x 3m, to make the most of their 
limited land resources. As trees grow, they need more space to maintain fast 
growth. However, participating farmers were reluctant to thin, instead pre-
ferring to plant at final density. Reluctance to thin trees was also identified 
with smallholder teak farmers in central Java (Roshetko and Manurung, 
2009). A recommended solution to this dilemma is to plant alternating rows 
of fast- and slow-growing timber species, with short-rotation species har-
vested in 5–8 years and long-rotation species harvested after 20–30 years or 
longer. That recommendation fits the scenario suggested in Study II where 
smallholder systems would sequestrate carbon while also producing timber 
(see Table 6). Farmers started pruning branches at six months to improve 
stem form and decrease shading of companion crops. They were not con-
cerned with effect of pruning on tree growth. Most farmers practised moder-
ate pruning, reducing live crown ratio (LCR) to about 40%; some farmers 
practised heavy pruning, retaining LCRs of only 10%. Study V recommend-
ed light-to-moderate pruning (retaining LCRs of 40–70%) when timber pro-
duction is the main objective, but more intensive pruning (retaining LCRs of 
20–30%) for systems where timber is intercropped with annual crops. This is 
similar to pruning recommendations for smallholder teak production systems 
in Indonesia (Pramono et al. 2011). Heavy pruning that retains LCRs of 10% 
severely inhibits tree growth (Bertomeu 2004). Rotation age for Gmelina in 
Indonesia was reported to be 8–12 years for farmers (Yuliyanti 2000) and 7–
10 years for industry (I). However, Gmelina can be marketed at 3–5 years if 
farmers need the money. Farmers can maximize profit by producing and 
selling sawn timber of Gmelina, as opposed to selling logs. The opposite is 
true of premium timber species like Tectona grandis (Holding-Anyonge and 
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Roshetko 2003, Yuliyanti 2000). Most smallholder-grown Gmelina timber 
and logs are sold in local markets.  
Some trees in Study IV and neighbouring areas exhibited inferior stem 
form. This likely resulted from the use of inferior germplasm, as most Gme-
lina seed in Indonesia is collected without the use of collection guidelines 
(Roshetko et al. 2008b). In Indonesia, the survival and productivity of Gme-
lina is closely linked to seed source selection (Wijoyo 2001) with local land-
races often performing well (Lauridsen et al. 1995). Study III also identified 
seed collection guidelines, seed source selection, and local landraces as im-
portant adaptation responses of tree genetic resources to climate change. Use 
of farmer demonstration trials (Roshetko et al. 2005) was an effective re-
search approach that also increased farmers’ participation and enhanced their 
knowledge. Farmer participants credited the trials with i) demonstrating the 
advantages of good quality germplasm; ii) expanding farmers’ interest in 
tree farming; and iii) promoting farmers’ innovations. This participatory trial 
approach could be combined with consideration of climate change, as sug-
gested in Study III, to enhance the relevance of results to both farmers’ 
needs and climate change scenarios. In a recent study Narendra et al. (2012) 
recommend that smallholder tree domestication efforts with Gmelina should 
focus on access to and dissemination of quality germplasm, silvicultural 
practices to improve tree growth and log quality, and planting models that 
integrate long- and short-rotation species.  
4.6 Investigation of the effect of various pruning regimes on Gmelina 
arborea growth and maize yield and their implications on the financial 
returns of smallholder timber production systems (Objective 6).  
 
As discussed previously, smallholder farmers are not solely timber produc-
ers. Their systems are managed for multiple objectives and yield multiple 
products. Food security and short-term income are priorities that normally 
take precedence over timber production. Thus, intercropping timber with an-
nual crops is a suitable system for smallholders. Study V demonstrates that 
pruning can be an effective practice to increase productivity and profitability 
of maize-Gmelina systems by extending the intercropping period. However, 
as pruning can slow tree growth, diameter increment and timber yields, the 
level of pruning intensity practised is the paramount decision to be taken. 
Results from Study V provide evidence that while intensive pruning (LCR 
20–30%) was beneficial for maize production, it may reduce timber yields 
below levels that are acceptable to farmers wishing to grow commercial tim-
ber. These results are consistent with those of others studies in the Philip-
pines and Indonesia (Miah 1993, Gonzal 1994, Manurung et al. 2009), as 
43 
 
 
well as the deductions from Study IV. The financial analysis in Study V 
shows that under intensive pruning, increases in grain yield compensated for 
reduced timber yields of up to 6% (1 cm difference in average diameter at 
breast height (dbh) at harvest). Based on projections, even if intensive prun-
ing reduced dbh by 3 cm (16% in timber volume), combined returns to la-
bour for maize and timber are greater than under moderate pruning intensity 
(LCR 60–70%). The analysis also showed that moderate pruning would pro-
vide the same returns to labour as intensive pruning only in the unlikely 
event that intensive pruning reduced final dbh by 6 cm compared to moder-
ate pruning.  
One reason many farmers do not practise pruning is the labour require-
ment. In Study V, the intensive pruning regime required 24 days ha-1of la-
bour more than moderate pruning. To be effective, pruning needs to be im-
plemented during the cropping season, before the maize plants emerge. 
Availability of household labour is often low during that time, making it dif-
ficult to implement intensive pruning. An option that may overcome the la-
bour needs associated with tree establishment and management is to plant at 
final or quasi-final spacing (250–400 trees/hectare). This option matches 
farmers’ preferences and common practices, as reported in Study IV. Model-
ing of native timber trees intercropped with maize in the Philippines supports 
the concept of planting at wider spacing (Martin and van Noordwijk 2009). 
However, timber trees planted at wider spacing require more pruning labour 
as there are likely to be more and larger branches. Kerr and Morgan (2006), 
working with four temperate timber species planted at densities of 600 to 
1,370 ha-1, found that intensive pruning of trees planted at wider spacing did 
not improve timber quality. Another option for smallholder timber producers 
to reduce pruning labour is to select species that are less management inten-
sive. A study on smallholder timber management in the Philippines showed 
that growing Swietenia macrophylla (mahogany) and Eucalyptus deglupta 
(‘bagras’) required considerably less labour compared to Gmelina (Bertomeu 
2004). The study concluded that the narrow crown and smaller branches of 
mahogany and the straight stem and self-pruning habit of bagras were char-
acteristics that reduced management requirements. When selecting a timber 
species for planting, the advantages of architectural characteristics must be 
balanced with market preferences and demand.  
In the Philippines and Indonesia, smallholders have emerged as important 
timber producers for the local wood industry (Bertomeu 2008, Tukan et al. 
2004, Rohadi, et al. 2011). However, common smallholder management 
practices result in small diameter and low quality timber, which have low 
market demand and value. Studies in both countries show that traders and 
processors are willing to pay smallholders a premium for better quality tim-
ber (Bertomeu 2008, Tukan et al. 2004, Roshetko et al. 2004a, Perdana et al. 
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2012). Therefore, managing for larger diameter, better quality timber is rec-
ommended for both short-rotation and long-rotation species (V, Pramono et 
al. 2011).  
In commercial forestry, moderate pruning is recommended to improve 
tree form and reduce knots, increasing the yield and value of quality timber. 
In the case of smallholder agroforestry, where preference is given to food se-
curity and short-term income, intensive pruning is practised to increase an-
nual crop yields without excessively reducing timber production. The ques-
tion remains what pruning strategy yields quality timber that commands a 
higher market price. Results from Study V imply that frequent intensive 
pruning during the first 2–3 years of intercropping is compatible with the 
production of knot-free quality timber. The key to success is that pruning is 
properly implemented.  
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5. CONCLUSIONS 
 
The work presented in this thesis demonstrates that smallholder tree farming 
systems are agricultural and natural resource management systems that con-
tribute significantly to global environmental goals and local economic objec-
tives. The key characteristics of smallholder systems that achieve those ac-
complishments and are emphasized in this thesis are significant carbon stor-
age, diverse genetic and species components, and the production of products 
for home use and market sale.  
While individual smallholder agroforestry systems are of limited size and 
by themselves store small amounts of carbon, on a per area basis smallholder 
systems accumulate significant amounts of carbon, equalling the amounts 
stored in other tree-based systems. Smallholder agroforestry systems greatly 
exceed the amount of carbon stored in degraded landscapes, fallowed agri-
culture land, and other low-carbon land-use systems, which they generally 
replace. Not all smallholder systems hold the same potential: from a carbon 
storage perspective, smallholder systems should maintain high tree density, 
contain species that attain large size, and be managed for long rotations. 
However, farmers’ needs and objectives are of crucial importance. Most 
smallholders prefer systems that provide a mix of products to meet house-
hold needs and market demands. Smallholder systems must be economically 
viable independent of carbon payments. Income from carbon payments 
should be considered as an individual return for the carbon service.  
As smallholders and smallholder communities often have limited links 
with support agencies and market entities, the success of their systems will 
often benefit from technical and marketing assistance. Many efforts to 
achieve increased landuse-based carbon storage could have negative impli-
cations on local livelihoods by restricting access to land, land management 
options or product use. To avoid such problems, the following conditions 
should readily exist at any carbon project site. Land and tree tenure rights 
should be recognized or available to local residents. Additionally, institu-
tional and policy conditions should support the establishment and success of 
smallholder systems. Farmers should be interested in agroforestry systems, 
have obtained food security and have sufficient access to labour and tech-
nical inputs (germplasm, information, expert consultation, and training) to 
establish and manage viable agroforestry systems.  
To promote its own success and the distribution of appropriate benefits to 
smallholders who participate, any carbon project should be designed and im-
plemented in close collaboration with project staff, governments, smallhold-
er farmers and independent local institutes. Objectives and activities, as well 
as responsibilities and benefits, of each partner should be determined 
through negotiation, not set unilaterally. The negotiation process must be 
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participatory, transparent and agreeable to all parties. The terms of the pro-
ject should be formalized but remain flexible to address potential conflicts. 
The project should not stand separate from other local activities but rather be 
integrated into the community’s broader development plans. Concerns over 
the permanence of the carbon stocks in smallholder agroforestry systems are 
not different from those of other fixed-rotation landuse systems. However, it 
can be argued that multi-species, multi-product agroforestry systems that 
support the livelihoods of smallholders are likely to be more permanent than 
commodity-based landuse systems. Questions of additionality and leakage 
may also be positively addressed. As stated above, sensibly designed carbon 
projects will provide the minimum threshold of technical support, market as-
sistance and enabling conditions to facilitate the development of viable, sus-
tainable smallholder systems. Certainly, facilitating such success would 
qualify for carbon credits. As smallholder agroforestry systems are most of-
ten established on degraded lands or otherwise low-carbon landuse systems, 
the process is not likely to cause significant leakage elsewhere, particularly 
as degraded lands remain abundant. The single greatest hindrance to devel-
oping smallholder agroforestry systems as a carbon project is the high trans-
action costs related to working with large numbers of smallholder farmers. 
The challenge is to develop mechanisms to reduce these costs through multi-
lateral assistance, funds from private trusts and governments. The develop-
ment of such mechanisms further strengthens claims of additionality. Carbon 
projects may not make farmers rich but if properly implemented, they could 
enhance local livelihoods, assuring that smallholders do benefit from the 
project investment.  
Smallholder agroforestry systems can facilitate effective tree genetic re-
source-based responses to climate change through germplasm translocation 
to maintain physiological matching; the use of a broad range of more plastic 
species and provenances can address variability in conditions and uncertain-
ty (both biophysical and socioeconomic); and promotion of tree populations 
with broad genetic base can encourage local adaptation. As with carbon stor-
age, for these measures to be successful, efforts need to be participatory and 
provide policy, technical, and market support to smallholders.  
A special measure required to effectively utilize tree genetic resource di-
versity is for researchers to assist in the identification of the best-performing 
provenances or landraces, and for farmers to understand the intraspecific di-
versity of individual species. Additionally, as smallholder systems provide a 
diversity of both wood and non-wood products, there is potential to reduce 
the pressure on forests to provide these same products. As the world’s forests 
continue to decrease, an increasing proportion of the tree and forest products 
used by the expanding human population will be produced in other tree-
based landuse systems, including smallholder agroforestry systems. Thus, 
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agroforestry systems represent ‘climate-smart’ options that improve produc-
tivity and flexibility in the agricultural landscape under anthropogenic cli-
mate change.  
Timber is a common component of smallholder agroforestry systems that 
contributes to on-farm diversity as part of farmers’ overall livelihood sys-
tems. Besides providing sources of income and on-farm wood, smallholder 
timber production has become an important source of raw material for local 
forest industries. Smallholder timber production is also compatible with car-
bon storage and sequestration under scenarios of periodic rotational harvest-
ing. As mentioned in the previous paragraph, it can also be among the ‘cli-
mate-smart’ options by reducing the production pressure on natural forests. 
Gmelina arborea is a viable option for smallholder agroforestry systems. 
It is easy to propagate and grows well in combination with other tree species 
and agricultural crops under conditions of low management on fair to good 
sites, conditions which occur in many smallholder sites. The productivity 
and profitability of G. arborea can be improved through proactive silvicul-
tural management. Pruning and thinning are particularly important to reduce 
competition between trees and when agricultural crops are included. When 
intercropped with light-demanding annual crops, intensive pruning (retaining 
LCR of 20–30%) of Gmelina trees before crop production can generate 
greater returns from the system than moderate pruning (LCR 60–70%). The 
increase in yields of annual crops resulting from reduced shading compen-
sates for the labour costs associated with pruning and the detrimental effects 
of intensive pruning on tree growth. To maximise returns from the agrofor-
estry system, LCRs of 20–30% should be maintained until grain yields fall 
below the break-even point, at which time intercropping should be discon-
tinued and tree management should prioritize the production of quality tim-
ber. Depending on local market conditions, the recommended rotation age 
for smallholder Gmelina may vary from 7–12 years. Likewise, depending on 
market conditions, farmers may maximize profits by producing sawn timber 
for village markets or by selling logs to sawmills. Traders and processors are 
willing to pay a premium for better quality timber. So, managing for larger 
diameter, better quality timber is recommended. This includes pruning to 
improve tree form and increase knot-free wood, and thinning to increase di-
ameter growth. Although evidence from the studies is limited, Gmelina 
seems to hold promise as one component of a smallholder system that inte-
grates short-rotation and long-rotation timber species: with short-rotation 
species intended for local markets and premium-quality long-rotation species 
intended for more lucrative national markets.  
To summarize, smallholder agroforestry systems hold great potential to 
contribute to global environmental goals and local livelihood objectives. 
Under conditions of secure land tenure, supportive government policies, 
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technical and marketing support, and the other enabling conditions stated in 
this thesis, smallholders can and will cultivate a wide range of tree species as 
a component of efficient, integrated and risk-averse livelihoods and agrofor-
estry systems, and will effectively respond to the increased demand for wood 
and other tree products. Additionally, tree-rich smallholder agroforestry sys-
tems also store significant quantities of carbon and provide many other envi-
ronmental services, including soil fertility replenishment, water catchment 
protection, biodiversity conservation, intraspecific genetic conservation, re-
forestation, and reduction of production pressure on natural forests. To har-
ness the potential of smallholder agroforestry systems a paradigm shift is re-
quired to recognize and support smallholder tree-farming systems as part of 
the solution to achieve global environmental goals and local economic ob-
jectives.  
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6. FUTURE PERSPECTIVES  
 
Smallholder systems are under-recognized and should be prioritized for fur-
ther research and support that both test and demonstrate the validity of the 
hypothesis. Research that builds on the studies presented in this thesis is rec-
ommended in this section. Some of that research has been recently published 
by the author and colleagues and some is currently underway.  
A review of agroforestry system domestication has been published that il-
lustrates how smallholder systems have evolved over the last 20 years and 
are making significant contributions to globally environmental goals and lo-
cal economic development (Leakey et al 2012). A study that compiles and 
documents the value of trees and tree genetic resources to the livelihoods of 
rural communities was conducted by Dawson et al 2013b. Additionally, a 
review of the contributions of smallholder agroforestry systems to the con-
servation of tropical tree diversity in circa situm, in situ and ex situ condi-
tions has been published (Dawson et al 2013a).  
Related to tree germplasm, studies should be conducted on the evolution 
of household or group nurseries to become market-oriented commercial 
nurseries and the involvement of smallholder enterprises in national seed and 
seedling delivery systems. A broader study is also required on sustainable 
models of seed and seedling supply for agroforestry tree species. Work has 
begun on these topics with colleagues from Department of Geosciences and 
Natural Resource Management, Faculty of Scienc, University of Copenha-
gen.  
Forest areas continue to decrease, while demand for tree and agricultural 
products increases with the expanding human population. There is a need to 
research understorey crop production as a means to increase food security, 
expand agricultural production in landscapes where available land is shrink-
ing, and cope with climate change where temperatures may increase rapidly 
in some locations. The intensification of agricultural production in small-
holder agroforestry landscapes is also required, including the effects of silvi-
cultural practices on crop production. Initial work on vegetable agroforestry 
systems has been conducted and published in Indonesia (Roshetko et al. 
2012).  
Specific to smallholder timber production, research is needed to identify 
options to increase commercial yields by integrating short- and long-rotation 
species. Further research is required on the trade-offs of planting at final 
spacing, and intensities of thinning and pruning in both monocultural and in-
tercropped plantations. Assessments of what impedes farmers from adapting 
effective silvicultural practices should be implemented. This would include 
long-term studies, through a full rotation, of integrated smallholder timber, 
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agricultural and livestock production. Computer simulations of these dynam-
ic, diverse systems should be conducted.  
Finally, smallholder marketing systems should be researched. Rapid mar-
ket appraisal methods appropriate for smallholder agroforestry products 
should continue to be developed and evaluated. Improving smallholder in-
come generation through market integration, value-added processing and 
collective participation should be studied. That could include understanding 
market competition and smallholders’ options to address competition. Mar-
ket integration strategies to sustain commercial production and market links 
should be developed for various types of smallholder agroforestry products.  
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